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Abstract

The search for strongly interacting massive particles (SN one

of the most promising ways to observe new physics phenomena a
the LHC. This paper describes the propagation in matter aiflest
new hadrons containing a heavy exotic quark with new quamtum-

ber. The accuracy of any exclusion limit or cross-sectiorasnes-
ment from a search depends on the degree to which the interact

of SIMPs with detector material can be quantified with pheeaom
logical models of strong interactions. This paper outliagaodel for
scattering of heavy hadrons that is based on Regge phentoggno
and the Quark Gluon String Model (QGSM). We discuss also some
astrophysical constraints on the possibility of H-hadrtnbe next to
lightest supersymmetry particle (NLSP) that makes morer@sting
their discovery at the LHC.

1 Introduction

First it should be mentioned that new massive particles mpiae the dark matter (DM) con-
tent of the Universe. Supersymmetry is the most elabordtedry that provides us with such
particles, and according to it the dark matter may consish@fightest supersymmetry partner
of the known elementary particles (LSP). As long as the daakten candidates must be neutral
and stable, from the experimental point of view the discpwémext-to-lightest supersymmetry
particles (NLSP) in new physics hierachy seems to be momigiog at LHC searches. These
particles from beyond the Standard Model are expected td beatively low masses and qua-
sistable on distances of detectors.

Looking for such particles in various versions of SUSY wetbe¢ Minimal SUSY model
expects neutralinos as LSP, while Supergravity theoryigiedravitino as DM candidate. In the
latter type of models it is easy to presume quasistable NG $t decays into gravitino with
very small cross section of gravitation interaction. On ¢ifeer hand, supersymmetry models
should have mare sophisticated constructions in ordertaobght NLSP particles. An example
of how this can be obtained in found Compressed SUSY modeViigfe relatively light gluino
and squarks allow to slot the dark matter cosmological patansi2p,,, into the range of known
observations with the help of neutralino pair annihilationtop quark-antiquark pair via stop
quark exchange. The Split SUSY model [3] has been consttucigrovide the possibility
of light gluino NLSP. This idea has already been discussdd]inThe model of Warped Extra
Dimensions [4] gives weakly interacting massive partii&s\VP) as a candidate for dark matter.
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As one can see there exist good reasons to explore the pibgsibdiscovery of some strongly
interacting long living NLSP at LHC energies. Here we wouité ko consider the stop quarks as
an example of strongly interacting massive particle (SIVEP) ATLAS and CMS experiments
have already developed search strategies for SIMPs, whigly assume that these patrticles are
included into heavy exotic H-hadrons that behave in muomdtea like a slow-moving muons.
The QGSM [8] is then used to construct a description of thestmhs of those particles with the
matter and to estimate average energy losses in such aadliskinally, we discuss the impact of
some astrophysical constrains on the prospects for degeexiotic hadrons at the LHC.

Considering the interactions with matter, it is importamtknow the mass hierarchy of
exotic hadrons. This determines the states to which a heaticdadron, produced either in the
primary interaction or after scattering with matter, wordg@idly decay. The lowest lying neutral
and charged mesonic states should be stable since the rfiagsndie between them is expected
to be far smaller than the pion mass and the meson massis given bym,; ~ m, + my,
wherem, andm,, the constituent masses of the SM quark and exotic quarkecésely. This
statement contradicts to the suggestion adduced in [6btiigtnheutral heavy hadrons survive in
the first moments after hadronization of SIMP and rapid decdycharged H-hadrons. Another
idea we should disprove here was figured out in [9]. Authokesuggested that SIMPs deposit
smaller energy in the matter than muons. Although the eregpes of SIMP in matter are to be
smaller than the losses of ordinary hadrons, their energgsitin matter are still of the order
of hadronic losses, so they have to be bigger than the logsesans. In folowing sections we
describe the basic formulas of the propagation of H-hadmonsatter, but will not have a room
to show the results of experimental simulations. The recemtplete publication [7] contains all
necessary diagrams and resulting plots.

2 Interactions of Heavy Hadronsin Matter

Interactions of H-hadrons with protons of ordinary matter @ther specific. The heavy squark
will be always a spectator due to the absence of antisquarteidetector matter to annihilate
with. Thus there is only the low energy light ordinary quanktihe hadron that can interact.
At the LHC, the light quark’s kinetic energy will typicallyebaround several GeV and the Regge
phenomenology approach [8] can be employed to describé&drartron interactions with matter.

In our approach one can distinguish two classes of scagtprincesses: reactions mediated
by (a) reggeon and corresponding to planar QCD diagramstgmb(neron exchange related to
the cylinder-type diagrams in elastic scattering. Exoadrons containing a light constituent
anti-quark interact via pomeron and reggeon exchangesattiee processes are due to the anni-
hilation of light antiquarks with the quarks of detector teat Conversely, hadrons containing a
light constituent quark can only interact via pomeron exgjga Let us consider the process of
interaction of a heavy H-hadron with a nucleon of the tangéhé target rest frame. In this frame
the light antiquark of H-hadron carries only a small fracta@f the total energy E

- quJ_

Pa® g~

wherey = E/My andm,, is the transverse mass of the light antiquark. It was shovthen
framework of QGSM [8], that the planar diagram contributtorthe total cross sectiang(s) is



universal for the same energy of the annihilating antiqudithis means that the contribution to
the total cross section of reggeons can be written as:

or(E) = Kop(E = ymy1 ) = Kgr(2ymg1 [ Eo)**O~1, (1)

where K is the number of possible planar diagrafis,= 1 GeV. The vertex parametef can
be evaluated from the data on cross sections of hadroniaatiens and the intercept of the
exchange degenerate regge tragectarigd) is equal to 0.5.

The pomeron contribution to the total cross sectiop)(can be estimated as
op ~ (2ymgy | Eg)r @1 (2)

The reggeon contribution to the cross section faif-aneson and a nucleon within a nucleus,
which consists of equal amounts of protons and neutronsheaterived as the difference be-
tween the reggeon contributionsd¢r~p) ando (7 p) data multiplied by a factor 1.5.

3 Differential Cross Sections of H-hadron scattering

In determining the kinematics of the scattering processcevesider the inclusive process +

N — H' + X, whereH, H’, N and X are the incoming exotic hadron, the outgoing exotic
hadron, the target nucleon, and whatever else is producttimteraction, respectively. The
kinematics of such an interaction can be specified by thrdep@ndent kinematic variables.
Commonly used variables atethe usual four-momentum transfer between the incoming and
outgoing exotic hadrons;, the center-of-mass energy squared of the interaction,Mgd the
mass of the final stat& .

The final H'-hadron carries a fraction of energy- close to unity and only a small frac-
tion of energyl — zp ~ my, /My < 1 is transferred to production of hadrons. This jus-
tifies the application of the triple-regge formulae to pdwvia description of inclusive cross
sections. Strictly speaking the triple-regge descript®valid for m% > 1GeV? and the
rapidity difference betweertl’ and rest hadrondly > 1. This is equivalent to the condi-
tion 2ym,, mx/M3% > 1. In hadronic interactions, the triple-regge descriptioorks usu-
ally up to Ay ~ 1 and we will assume in the following that the same is true foeraction
of H-hadrons. Expressions for the contributions of differeipie-regge termsik to inclusive
cross sections is straightforward to obtain noting, thatréggeons corresponds to the factor
exp(2(a;(t)—1)Ay), while an exchange by the reggebteads to the factasxp((ax(0) —1)y,).
Here,y, = In(M% /(mq1my) is the rapidity interval covered by produced hadrons (te ta-
pidity Y = In(2E/Mpy) = In(2y) = Ay + y,). As for the total cross section we consider
here the pomeron P and secondary reggeons R as exchangednegg. Thus we have the
following triple-regge contributions: RRR,RRP,PPR andPPP

Using the rules described above we can write inclusive @estons for the corresponding
triple-regge terms in the following forms:
2y ME
X
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whereAgr = ar(0) — 1=-0.5,Ap = ap(0) — 1=0.12,a/, = 0.9 GeV =2, o/, = 0.25 GeV ~2
[8] andMg =mpnmg = 0.5 GeV?2.

The parameters(’;;, and B;;; can be determined using Regge factorization from the
triple-regge description of inclusive spectra in high+ggehadronic interactions. Let us em-
phasise that the RRR-term corresponds to the cutting ofapldiagram or R-exchange, while
the RRP-term corresponds to the cutting of the cylindeetgfiagram. Due to conservation of
H-hadrons integrals ove¥/3 andt give oz andop contributions to the total cross section cor-
respondingly.

The PPR and PPP-terms describe the diffractive dissoriafi@ nucleon and their cross
sections can be calculated, using factorization from threesponding cross sections extracted
from pp-interactions )

ppi _ oP(HpP)™ pp;
T ) )
Here, we neglected the small differencetidependence foHp and PP vertices. Taking into
account that‘;i(g;’)) ~ 1/4 and that the sum of PPR and PPP-contributionspfecollisions
in the relevant energy domain does not exceed 2mb, we ob&insmall cross sections for
diffraction dissociation of a nucleon i p-interactions: 0.12 mb. Thus these cross sections
constitute only about% of the total cross section and can be safely neglected.

For parameters characterising thdependence of RRR and RRP-terms we take the same
values as those which have been extracted from the anafysisioteractions2Bry + Brrr =
2Bry + Brrp = 4 GeV 2.

4 Thepossible impact of SIMP discovery on astrophysical models

There are two astrophysical facts which resist to the hygsshof new heavy quarks being NLSP:
a) the success of big bang nucleosynthesis (BBN) model atitlmbservation of perfect black-



body characteristics of cosmic microwave background (CNB®}h precise astrophysical calcu-
lations can dismiss SIMP-as-NLSP idea because the decagswiieavy quarks lead to hadronic
showers that certainly destroy BBN scenario [10]. On theoliand, if the exotic quarks are liv-
ing long enough, then the effect of their decay should predueisible structure of CMB which
gets in conflict with the above mentioned observations. Ajueents show that detection of
exotic quarks occurs intertwined between high energy @arphysics and astrophysics and it
may require more precise balance of observations and datphysical models.

5 Conclusions

Strongly interacting massive particles are predicted byntimber of scenarios of physics beyond
the SM. This article presents a model for description of theractions of exotic H-hadrons con-
taining new heavy quarks with the matter of detector. QGSivhfdas for energy dependence of
cross sections and differential distributions of scattdfehadrons were shown. Two statements
follows from our recently developed approach: 1) the caosieer of H-baryon into H-meson
and back can be neglected in calculations due to the veryt pnadlability of nucleon trajectory
exchange; 2) the processes with double charge exchanga likensition of H-mesons into
H~ ones are also impossible. These admissions make significiearer the calculation of H-
hadron propagation in the matter. The discovery of sucmgtyanteracting new particles would
have an important impact on modern astrophysical schemes.
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