








concentration of events with the invariant mass close to the expected i’ mass of 134 MeV and a smaller shoulder above
500 MeV consistent with the 1 mass [3].

Fig. 4. Two photon invariant mass a - Two photon energy versus the invariant mass. b - Invariant mass when the two
photon energy is greater than 400 MeV. A Gaussian distribution is fitted to the peak at the expected n° mass, mean (X))
and width (o) inset [3].

2. GDH sum rule

The sum rules, which connect information from all energies to fundamental parameters of the present interaction
models, could be a good tool for study of the internal structure of the nucleon, in particular of its spin structure. The
Gerasimov-Drell-Hearn (GDH) sum rule is consequences of general principles: forward Compton scattering, the optical
theorem and the low energy one [4, 5]. It relates the anomalous magnetic moment (AMM) « of a particle of spin S and
mass M to the integral over the weighted helicity asymmetry of the total absorption cross section for circularly
polarized photons on a longitudinally polarized target:

©0,-0, e
loon = jpTdu:mﬁcZW , (1)

Vth

where v is the photon energy and o, (c,) denotes the total absorption cross section for parallel (antiparallel) orientation
of photon and particle spins. The lower limit of the integral, vy, corresponds to pion production and photodisintegration
threshold for a nucleonic and nuclear target, respectively.

In the Table the current theoretical estimate of the
GDH sum rule values is given for the proton and the
neutron. Predictions for Nz are from the SAID [6] and

Contributions of different partial reaction channels
tothe GDH sum rule

Igpu proton | Igpu neutron (within brackets) MAID [7] multipole analysis; estimates
YN — N= 172 [164] 147 [131] for Nzt are from [8]; estimates for Nn are from [7]; kaon
YN — Nmw 94 82 channel contributions are from [9]; predictions for vector
YN — Np -8 6 meson production are from [10]; Regge contributions are
YN — KA(Y) —4 2 from [11]. This estimate disagrees with the expected
YN — Np(w) 0 2 GDH sum rule value for the proton while it roughly
Regge contribution —14 20 reproduces the neutron GDH value. However, the
(“-" > 2GeV) _ I (proton-neutron) difference has a different sign with
TOTAL ~ 239 |231] ~ 247 [23]1] respect to the GDH expectation. These discrepancies
GDH sum rule 204 233 emphasized the need of a precise test of the GDH sum

rule for both the neutron and proton and for precise
double polarization data for all yYN—Nm(n) channels, which give the dominant contribution to the GDH integral to
obtain a complete understanding of the yN interaction. For the neutron case, an additional complication arises due to the
lack of free neutron targets. The use of neutrons bound in *H and/or *He is necessary. The comparison between the two
different “free neutron” values that are extracted both from the deuteron and *He targets using different nuclear models
will give a fundamental cross-check of the reliability of the extraction procedures. While in the deuteron the proton and
the neutron are essentially in s states of relative motion with aligned spins, *He is a system of two protons with spins
paired off and an “active” unpaired neutron, again in relative s states. As a result we then find that

Mg =M+, Ky =W, @

so that the *He spin structure function is much closer to the free neutron than the deuteron. Therefore, it is expected that
the measured GDH integrand function for *He above the pion photoproduction threshold will already be a good first
approximation of the If}p value.
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3. A2 collabor ation

The experiment was done at the tagged photon facility of the MAMI accelerator in Mainz. Circularly polarized
photons were obtained by bremsstrahlung of longitudinally polarized electrons with an average polarization of 75 %,
the bremsstrahlung photons were tagged using the Glasgow-Mainz magnetic spectrometer (energy resolution ~ 2 MeV).
The relative tagging efficiency was monitored by a CCD photon camera and absolute measurements were made using a
lead-glass detector. The reaction products were detected by the central detector system, see Figure, consisting of the
Crystal Ball (CB) Nal spectrometer, complemented by the Multi-Wire Proportional Chambers (MWPCs), used to
identify and track the charged particles, and the cylindrical Particle Identification Detector (PID), used to distinguish the
charged from the neutral particles detected by the CB. The combined information provided by these three detectors
provides accurate energy, angle and particle identification in the azimuthal (¢) and polar (0) angular regions from 0° to
360° and from 21° to 159°, respectively.

Helmholtz coils Crystal Ball
B1 coils ot
_Elggﬁls photon beam solenoid
%‘ihv*‘—-ﬁ ''''''''''''''''''''''''''''''
— “He target
] —_— L__ -

Fig. 5. Side view of the *He experimental setup.

The *He gas target density is relatively low (Ny~2.5 x 1022cm™~2) compared to that of a solid or liquid target (about
100 times less). Despite this, the *He gas target has a greater fraction of polarised neutron with respect to the deuterated
butanol target [12].

4. Results and conclusions

Using dE/dx vs E technique, PID and MWPCs information pion/proton separation has been done. Preliminary
results obtained for unpolarised total (differential) cross section as a function of the incoming photon energy up to
500 MeV for y *He — mtX channels are shown in Figs. 6 and 7, where data (blue spots) are compared to the predictions
from the model of A. Fix (red line) [13]. Fix model take into account Fermi motion of the interacting nucleons inside
the nuclei and the nuclear effects, which damp and broaden the peak due to the excitation of then A(1232) resonance.

In the Figs. 8 and 9 the total (differential) helicity dependent cross section difference, Ao, = Aoy, — Ady,,, for the
y 3He - m*X channels is shown in comparison to the model predictions from A. Fix.

For the first time unpolarised and polarized cross sections of the channel y *He — %X in the A-resonance region has
been measured. Present calculations are not able to describe in a good way helicity dependence of mX channels, futher
theoretical and experimental research are needed.
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Fig. 6 Preliminary results of the unpolarised total cross section for y *He — X channels compared
to the Fix model (red line).
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Fig. 7. Preliminary results of the unpolarised differential cross section for y *He — n£X channels compared
to the Fix model (red line).

o (ub)

100

.

50

) B YA s

-150 §\ % ‘

-200

;

TTTT
—e—
— i
-
—

150 200 250 300 350 400

450 500

E, (MeV)
Fig. 8. The helicity dependent total cross section for the y *He — w*X channel are compared
to the prediction from A. Fix model in the A-resonance region.
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POSSIBILITIES TO INVESTIGATE ASTROPHYSICAL PHOTONUCLEAR REACTIONS IN UKRAINE

Ye. Skakun?, 1. Semisalov!, V. Kasilov!, V. Popov!, S. Kochetov?, N. Avramenko®,
V. Magyuk? V.Mazur? O.Parlag®, D.Simochko? |.Gajnish?

INSC KIPT, Institute of High Energy and Nuclear Physics, Kharkiv, Ukraine
2| nstitute of Electron Physics, National Academy of Sciences of Ukraine, Uzhgorod, Ukraine

Reactions of proton capture (rp-process) and sequences of photodisintegrations of the (y,n), (y,o) and (y,p) types
(g#process) play the key rolein stellar nucleosynthesis of the so-called p-nuclei — a group of stable proton rich nuclides
which could be created by none of sdow (s) and rapid (r) radiative neutron capture reactions. There is need of
knowledge of thousands of reaction rates to simulate natural abundances of the p-nuclei. Using bremsstrahlung beams
from thin tantalum converters of the electron linear accelerator of NSC KIPT (Kharkiv) and the microtron of IEP
(Uzhgorod) and conventional activation technique applying high resolution gamma-spectrometry we measured the
integral cross sections of the (y,n)-reactions on the nuclei of the *Ru, *®Ru, *Ru, *Pd, and °Pd isotopes the first two
of which and palladium-102 are p-nuclei, and determined the reaction rates by a procedure of superposition of several
bremsstrahlung spectra with different endpoints in the range from the thresholds to 14 MeV. The experimental reaction
cross sections were compared to available data in overlapping energy range and the derived reaction rates to the
predictions of the Hauser - Feshbach statistical model of nuclear reactions. In most cases theory underestimates the
observed reaction rates in not great extent.

1. Introduction

Occurring in nature chemical elements and their isotopes were synthesized in stars via different type low-energy
nuclear reactions from pre-existing nucleons. The lightest nuclei were created through the process called the Big Bang
nucleosynthesis while nuclei having masses up to iron (Z = 26) were produced through the successive fast nuclear
fusion mechanisms in the cores of stars. The majority of trans-iron nuclei were synthesized by rapid (r) and slow (9)
(compared to the intervening beta-minus decays) neutron capture processes, i.e. (n, y)-reactions [1]. However there are
35 nuclei between “Se (Z = 34) and *Hg (Z = 80) which cannot be formed through these scenarios since they are
screened from the r-process by another stable isotope in the same isobar chain and bypassed by the s-process. They
were called by p-nuclei since they are located at the proton-rich side of the valley of stability and the scenario of their
synthesis by p-process complemented by ¥, electron capture and (n, y)-reactions.

Several isotopes of p-type are placed in the A = 90+-110 mass number region. The chains of the ruthenium and
palladium isotopes and the ways of their star synthesis are shown in Fig. 1. The most of the natura ruthenium (having
masses 99 and more) and palladium (masses 104 and more) isotopes were synthesized in the s (the thick broken arrow
line in Fig. 1) and r (the individual thin solid arrows) processes. However both of these scenarios are bypassing the
%Ru, *®Ru and *Pd p-nuclei. The *Ru (*Ru) nuclide cannot be formed because of the *Ru (*Ru) isotope radioactivity
and the Mo (®*Mo) isotope stability. The **Pd nuclide is blocked by the radioactive **Pd and stable ***Ru isotopes. A
possible chance of these nuclei creation is p-process representing a combination of proton induced reactions
(rp-process) and (y, n), (v, p) or (y, o) photonuclear reactions (yprocess) on pre-existing s- and r-nuclei and the vp asan
alternative process [2]. So if r-process widens the valley of stability and s-process elongates it then p-process moves
backward from heavier nuclei to lighter ones.

Ag

Pd

Tc

S-process r-process
Fig. 1. The main nucleosynthesis mechanisms of the ruthenium and palladium isotopes production.

The widely believed candidate site for the p-process are the deep O-Ne-rich layers of massive stars of SNe-Il type
exploding as core-collapse supernovae at the stellar plasma temperatures of To= 1.8 + 3.3 (T, is the temperature in 10°
Kelvin units). The primary stimulus to the cosmos nucleosynthesis theory development is to understand the shape of the
abundance curve when plotted on a graph as a function of atomic mass and the strongly differing (by factors up to ten
millions) abundances of the chemical elements and their several isotopes. The p-nuclei represent only a small fraction
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(usually 0.01+1 %) of the isotopic content of corresponding elements in the solar system. This fact is hopeful to believe
in formation of the p-nuclel from pre-existing s and r seed nuclei. The (p,y)-reactions require a high-temperatures of
stellar plasma to overcome the proton Coulomb barrier. So photonuclear reactions can play larger role in the heavier p-
nuclei synthesis. Available astrophysical nucleosynthesis simulation codes have probably their own uncertainties but
they must be provided with such high precision nuclear data as reaction rates converted from cross sections, nuclear
masses, decay data, structure features of many nuclei etc. p-Process involves thousands of photonuclear reactions on
around 2000 nuclei-“targets’ many of which are radioactive even in the ground state and often populated in excited
states according to the Boltzman statistics of star gas at high temperatures. Impossibility to measure cross sections of
nuclear reactions on unstable and excited nuclei increases the importance of theoretical calculations of nuclear reaction
cross sections in the frame of the statistical Hauser - Feshbach model [3]. Therefore experimental values of nuclear
reaction cross sections are both nuclear data for star nucleosynthesis simulation and to test predictive power of the
statistical theory of nuclear reactions.

Large efforts were applied in recent years to measure charged particle (see, e.g. [4] and references therein) and
gamma induced ([5, 6] and references therein) reaction cross sections in astrophysically interesting energy range.
However, current databases (cf. KADONIS database [7]) show the scarce of available data in question. We present the
results of our measurements of cross sections of (y, n)-reactions on ruthenium (*°Ru, *Ru, **Ru) and palladium (*%Pd,
M%) jsotopes: in the bremsstrahlung photon energy range from the respective threshold to 14 MeV, the proton rich
Ru, ®Ru, and *Pd isotopes of which are p-nuclei. The cross sections are transformed to the reaction rates by the
superposition method proposed by Darmstadt group [8, 9] and compared to the prediction of the NON-SMOKER code
[10] utilizing the statistical theory of nuclear reactions.

2. Generalities of photonuclear reactions

We concentrate on the dominant (y, n)-reaction. The reaction rate A, (T) for (y, n)-process depending on
temperature T of athermal photon bath of a star is expressed by the equation:

Ay (T) = TCHS'WK(E,T)G(W (E)dE, &

where c is the speed of light, nYP " (E, T) represents the blackbody Planck distribution, i. e. the number of photons of a
star environment per unit energy and volume interval

1 1 E®
T2

P (E,T) = 7 (o) exp(%-r)—l

and o, (T) corresponds to the cross section of the (y, n)-

L :I? Ru(y,n)“Ru
10-155 :.‘iexm'”k L. {5 reaction. The photon flux cn™™ (of Eq.1) decreases
"E . g 8 oo exponentially with increasing energy (the dropping curve in
¥ 107F Iny ;g € Fig. 2 marked as “Planck spectrum”) while the (v, n)-reaction
3 _255 & % 155 cross section steeply increases from the threshold to the giant
_f 10 F N ] 10.:7% dipole resonance curve maximum (the growing curve “Cross
;; 10_305 2107 section” at the right panel in Fig. 2). The product of these
= C ° guantities (i. e. theintegrand of Eq.1) is a narrow peak located
o . . at about kT/2 above the reaction threshold which was called
12345678091011121314 by the Gamow window by analogy with the similar picture for

Eymax [M eV] the charged particle reactions.

Fig. 2. Astrophysically relevant energy region Bremsstrahlung spectra of our electron accelerators are
(“Gamow window” peak in the right panel) approximately described by the Schiff distribution [11] for a

determined as the product of the Planck spectrum and
the *Ru(y, n)®Ru reaction cross section for the
stellar temperature To= 3.

thin converters. Darmstadt group found [8, 9] that the Planck
and bremsstrahlung distributions have rather similar shapesin
the limits of the narrow high energy region and showed that a

superposition of several (6 or more) bremsstrahlung spectra with differing end point energies can reproduce the Planck

spectrum over enough high-energy range:

Cny(EvT) = Zau (T)N:()rems(Eo,i ’ E)v
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where Nfre"s represents the bremsstrahlung spectrum with the end point energy E; and & (T) the strength coefficients

adjusting for each temperature T. The experimentally determined bremsstrahlung spectrum photonuclear reaction yield
Y is proportional to the integrated product of the Nyb”m(E E) and thereaction cross section o(E) :

0,i !

T T E,
Y ~ [ (E)N"™"(E, E,)dE.
S

=
=
8

Combining the two last equations one can obtain the next
expression for the reaction rate instead of Eq. (1):

Ey
My ()~ 23 (T) [ G(E)NJ™(E, E;)dE < 3 a (T)Y,.

Thr i

Y
=
)

S

n(E,T) [keV'fm?
|_\
(@)
8

. . hr Fig. 3 shows the Planck spectra for three temperature values
5 10 of a star photon bath (T = 2.0, 2.5, and 3.0) and simulation
E [MeV] of one of them (T = 2) from the six Schiff bremsstrahlung

v

) spectra in the energy range 13+11 MeV intended for the
Fig. 3. Thermal Planck spectra at temperatures To= 2, 96y 1)®Ry reaction analysis. The six lower curves (the
To=2.5and Ty = 3 and simulation of photon spectrum ey ng solid and dash ones) present the bremsstrahlung
a To = 2 by summation of the six bremssirahlung  gentra for the 13.0, 12,6, 12.2, 11.8 114, and 11.0 MeV
spectra W'th%the end-g;:5)0| nt energies between 11 and gy noint energies. The sum of these six spectra is given by
13 MeV for "Ru(y, n)Ru reaction. the dark points. As follows the Planck spectrum in the range
from the ®Ru(y, n)®Ru reaction threshold (Thr = 10.693 MeV) to 13 MeV is reproduced rather well. The large
difference between the Planck spectrum and the summary bremsstrahlung one at lower energies does not matter. So to
determine the reaction rate the task comes to measurements of the photonuclear reaction yields at 6 or more values of
the bremsstrahlung end-point energy.

3. Experimental

Our measurements of the (y,n)-reaction cross sections on the nuclei of the ®Ru, ®Ru, **Ru, **Pd, and *'°Pd isotopes
were performed by conventional photoactivation technique using high-resolution spectrometry at the two accelerators:
the Kharkiv electron linear accelerator and the Uzhgorod microtron capable to accelerate electrons up to the 30 MeV
maximum energy. The monoenergetic electron beams of incident energies from the reaction thresholds up to 14 MeV
which are best suited for astrophysical interest were stopped in the thin (200 um) tantalum radiator foils to generate the
bremsstrahlug radiation of the Schiff distribution. The Kharkiv irradiation setup contained a collimator made of lead to
cut the bremsstrahlung beam hitting to the targets under study. At the Uzhgorod microtron the targets were put at the
certain small distance behind the radiator foil with no collimator to get larger photon intensity.

As targets we used the pressed tablets with the 10 mm diameter and masses around 400 mg of metallic powder of
ruthenium of natural isotopic composition. Besides we disposed the self-supporting metallic foils of the *™Ru enriched
(99.6 %) isotope with the 20 mm diameter and the surface thicknesses around 5 mg/cm?. In the case of palladium
samples the natural and enriched foils of the '%Pd (54 %) and °Pd (99 %) isotopes were used.

In time of irradiations the ruthenium and palladium targets were sandwiched with the gold foils of the known
surface thicknesses (around 15 mg/cm?) and suitable diameter which were activated in order to determine the absolute
photon intensity by measuring the yields of the standard **’Au(y, n)*®Au reaction. The threshold of this reaction is
rather low (8.071 MeV), the cross sections are well known in the astrophysically interesting energy region [12, 13], the
decay properties of the ***Au nucleus-product are very suitable and known with the high accuracy.

After irradiations during several hours (depending on the haf-life of the expected product), the targets were
mounted in front of the shielded gamma-detector located in the low-background room to count y-rays following the
decay of the nucleus-product.. The Ge(Li)-detector was used at the Kharkiv measurements and the Ge(Li) and HPGe
detectors at the Ughgorod ones. The integral cross sections were derived from the peak intensities of the decay
y-transitions using the conventional activation equation applying a standard reaction.

4. Experimental results and theory predictions

Our measurements pursue the aim to determine the reaction rates of photonuclear (y,n)-processes on some p-nuclei
and their neighbours and to compare them with the theoretical predictions. Most of theoretical calculations of the cross
section network of nucleosynthesis interest are relied on the Hauser - Feshbach statistical model [3] the main
ingredients of which are optical model potential, nuclear level density and radiation strength functions. The properties
of the ground and excited states are also important to be able to calculate the cross sections for excited and exotic nuclei
for which the data cannot be derived experimentally. One of the computer codes implementing the statistical model is
the NON-SMOKER code of Rauscher [10] with the predictions of which we compare our experimental data.

572



The results of our measurements are presented in Fig. 4. The left column of panels gives the (y, n)-reaction yields
relative to the standard *’Au(y, n)*®Au reaction yields. The values obtained at the Kharkiv linear accelerator are
depicted by the dark circle points while the Uzhgorod data are the dark square points. The data of both accelerators are
in a good agreement. The results of Tickner et a [14] of the several end-point bremsstrahlung energies (light points)
agree with our ones rather well.
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Fig. 4. Yields of (y, n)-reactions on the ruthenium and palladium isotope nuclei relative to the standard *’Au(y, n)**Au
reaction (left column) and reaction rates (right column). Points are experimental values, curves are theory predictions.

The right panel column presents the experimental (dark points) and the NON-SMOKER code theoretical reaction
rates (curves) of the photonuclear reactions studied. The most of the experimental to theory ratios of the reaction rates
lie in the range between 1 and 2 and agree with previously observed systematics for the nuclei in the mass number
A =190+200[9, 15].

5. Conclusions and outlook

Several scenarios including y-process are responsible for a stellar nucleosynthesis of the p-nuclei, a sizeable part of
which is located in the nuclear mass region A=100. In view of a scarce of the corresponding experimental information
further activation/decay measurements of the photonuclear reaction cross sections are desirable and can be performed in
the near and above threshold region using the bremsstrahlung beams of the Ukraine accelerators. The derived reaction
rates can be used as input data for the astrophysical nucleosynthesis simulation and to test the predicting power of the
statistical theory of nuclear reactions.

573



9.

REFERENCES

Burbidge E. M., Burbidge G. R, Fowler W. A., Hoyle F. Synthesis of the elements in stars // Rev. Mod. Phys. -
1957. - Val. 29. - P. 547 - 650.

Arnould M., Goriely S The p-process of stellar nucleosynthesis: astrophysics and nuclear physics status // Phys.
Rep. - 2003. - Vol. 384. - P. 1 - 84.

Hauser W., Feshbach H. The inelastic scattering of neutrons // Phys. Rev. - 1952. - Val. 87. - P. 366 - 373.

Skakun Ye. Launch of proton reaction cross section investigation for astrophysical needs at KIPT // Proc. of the 2-nd
Int. Conf. “Current Problems in Nuclear Physics and Atomic Energy” (Kyiv, Ukraine, June 9 - 15, 2008). - Kyiv,
2009. - P. 482 - 488.

Utsunomiya H., Mohr P., Zilges A., Rayet M. Direct determination of photodisintegration cross sections and the
p-process // Nucl. Phys. - 2006. - Vol. A777. - P. 459 - 478.

Nair C. et al. Photodisintegration studies on p-nuclei: the case of Mo and sm isotopes // J. Phys. (London) - 2008. -
Vol. G35. - P. 014036.

http://nuclear-astrophysics.fzk.de/kadonis/.

Mohr P. et al. Experimental simulation of a stellar photon bath by bremsstrahlung: the astrophysical y-process //
Phys. Lett. - 2000. - Vol. B488. - P. 127 - 130.

Vogt K. et al. Measurement of the (y, n) reaction rates of the nuclides *°Pt, *?Pt, and **®pt in the astrophysical y
process // Phys. Rev. - 2001. - Vol. C63. - P. 055802.

10. Rauscher T., Thielemann F.-K. Predicted cross-sections for photon-induced particle emission // At. Data Nucl. Data

Tables- 2004. - Vol. 88. - P. 1- 81.

11. Schiff L.I. Energy-Angle Distribution of Thin Target Bremsstrahlung // Phys. Rev. - 1951. - Vol. 83. - P. 252 - 253.
12. Vogt K. et al. Measurement of the (y,n) cross section of the nucleus **’Au close above the reaction threshold // Nucl.

Phys. - 2002. - Vol. A707. - P. 241 - 252.

13.Nair C. et al. Photoactivation experiment on 197Au and its implications for the dipole strength in heavy nuclei. //

Phys. Rev. - 2008. - Val. C78. - P. 055802.

14. Tickner J. et al. Measurement of activation yields for platinum group elements using Bremsstrahlung radiation with

end-point energiesin therange 11 - 14 MeV. // Nucl. Instr. Meth. in Phys. Res. - 2010. - Vol. B268. - P. 99 - 105.

15. Sonnabend K. et al. Systematic study of (y, n) reaction ratesfor Z > 78 isotopes. // Phys. Rev. - 2004. - Val. C70. -

P. 035802.

574



STUDY OF NEUTRON CAPTURE BY MEDICAL NUCLIDES
AT IRRADIATION FACILITIES OF INR RAS

V.M. Skorkin, S. V. Akulinichev, A.V. Andreev
Institute for Nuclear Research, Russian Academy of Sciences, Moscow, Russia

A thermal neutron absorption by materials containing "’Gd and '**Yb nuclides was studied for use in neutron
capture therapy and high-dose brachytherapy. We have used a DT neutron generator NG-400 for irradiation a cell
suspension containing liquid-crystal particles consist of deoxyribonucleic acid molecules and gadolinium ions. For a
beam current of about 1 mA a fast neutron yield was 1 - 10'' n/s. The fast neutrons produced the thermal neutrons in a
tungsten converter and a polyethylene moderator. The thermal neutron fluence of about 5-10'" n-cm™ resulted in full
cells killing. A ytterbium oxide with the enriched 1 mg '®*Yb was irradiated thermal neutrons at RADEX facility of the
proton linac at the energy of 209 MeV and current of 30 LA to create interstitial gamma sources. A photon spectrum of
'Yb was measured with used HPGe detector IGC-45. The contributions from other radionuclides were small. The
anisotropy of the source radiation was about 20 %.

1. Introduction

The materials containing '*’Gd and '®*Yb nuclides are promising for use in neutron capture therapy (NCT) and high-
dose brachytherapy. These nuclides have high thermal neutron capture cross section and create nuclides with second
radiation at the neutron capture [1, 2].

7Gd + ng,— y + "*Gd — internal conversion electrons + Auger electrons + X-rays.

8D + iy — y + YD (e -capture) — '“Tm +y- rays (average energy 93 keV).

The thermal neutron absorption cross section of '>’Gd and '®*Yb are 242 000 barns and 11 000 barns respectively.

The liquid-crystal particles containing deoxyribonucleic acid (DNA) molecules and gadolinium ions as a biomaterial
can be used for NCT [3]. The particle of DNA-Gd has a size about of 0.5 pm and contains 10’ nuclides of >’Gd. The
conversion electrons (the energy > 30 keV) and X-rays (the energy about of 50 keV) can induce DNA double strand
breaks in tumor cell nucleus (Fig. 1). The secondary radiation can cause cancer cells killing in case of ’Gd
concentration of 1 mg/g [4]. DNA-Gd particle density should be of 10 per cell.

Thermal neutron n

|

DNA

Gd ion

y ray electron

nucleus

Fig. 1. A thermal neutron capture by DNA-Gd particle creates gamma rays and electrons, which kill neighbor tumor cell.

YD interstitial source for the high-dose brachytherapy with half-life of 32 days and energy of photons from 50 to
308 keV can be created at thermal neutrons irradiating '**Yb nuclide [5]. The titanium capsule a diameter of about
1 mm and a length of about 6 mm contains 3 mg of ytterbium oxide with the 20 % enriched '*Yb isotope (Fig. 2).

[ 590 -_—

098

Fig. 2. Configuration of the Ytterbium High Dose Rate Source.

575



2. Neutron irradiation of DNA-Gd particles

In our experiments with DNA-Gd particles we have used neutron irradiation facilities based on a DT neutron
generator NG-400 (Fig. 3). In this generator primary neutrons with the energy about 14 MeV and the total intensity of
about 1-10'" n/s are generated in the tritium target, irradiated by the initial deuteron beam with the average current of
about 1 mA. Fast neutrons produced the thermal neutrons in a moderator system consisted of a tungsten converter and

polyethylene.
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Fig. 3. The neutron generation NG-400.

The biological samples were fixed at the depth of 5 cm in the polyethylene phantom of the size 20 x 20 x 20 cm” (Fig. 4).
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Fig. 4. The moderator system of the neutron generation NG-400. / - a target of neutron generator; 2 - polyethylene
moderator of a fast neutrons; 3 - a irradiated sample; 4 - inlet to accommodate the samples; 5 - tungsten converter; 6 - a
lead reflector; 7 — a protection layer of against gamma radiation; § - protection layer of borated polyethylene.

A Monte-Carlo transport program NCNP4B was used to
calculate neutron and gamma fluxes in the biological
samples (Fig. 5). A certain amount of fast neutrons was still
1,0E+09 reaching the biological samples The calculated thermal and
fast neutron fluxes in the biological samples are 1.4 - 10°
em? - st and 3.5 - 10" em? s correspondingly. Biological
samples containing 100 mg of a cell suspension and 2 mg
of DNA-Gd particles was irradiated into the moderator
10E+07 | system at NG-400 In order to extract the net biological

H M effect of the thermal neutron capture in DNA-Gd particles,
1,0E+06 T T T E— T T T T H

1,0E+10

nicm2/s

= 1,0E+08 -

Fluxes

M we have identically irradiated two sets of biological
e samples: one with DNA-Gd particles containing
1,0E-08 1,0E-06 1,0E-04 1,0E-02 1,0E+00 1,0E+01 gadolinium and another one without it. The radiobiological
effect produced by fast neutrons must be identical in both

Energy, MeV . . s . .
cases since fast neutrons have no specific interaction with
gadolinium. The difference in the tumor cell killing efficacy

Fig. 5. The neutron spectrum for two sets of samples might be due to the thermal neutron
in NG-400 moderator system. capture by DNA-Gd particles only.
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1 2
Fig. 6. The images of cells layers taken after neutron
irradiation. / - the image with thermal neutron irradiation
without gadolinium carrier; 2 — the image after 1 hour of
the thermal neutron irradiation with gadolinium carrier.

Fig. 7. RADEX irradiation facility / - proton beam;
2 - vacuum channel; 3 - tungsten target; 4 - irradiated
channel; 5 - moderater with ytterbium capsule; 6 - vertical
channel; 7 - iron shield.
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Fig. 8. The spectrum of the evaporation neutrons
from W target of RADEX.

The thermal and fast neutron fluxes for each biological
sample were measured by means of a neutron activation
analysis. The irradiation time was about 1 hour and the
thermal neutron fluence was of the order of 5 - 10" n-cm™.
In the experiment under consideration the fast neutron
flux was estimated as (1 - 3) - 10’ n - em” - s”. The
experiment thermal neutron flux in the same experiment
was 1.5 - 10° n - em™s”'. The irradiation of the cell
material in presence of radiation from DNA-Gd particles
results in full cells killing and absence of live cells (Fig. 6).

3. Study of ***yb interstitial source

Ytterbium sources are produced by irradiation of the
starting material with the isotope '®*Yb thermal neutrons
in a nuclear reactor. This method is costly. Moreover, the
presence fast neutron component (over 10 %) of a fission
spectrum leads to activation of the titanium shell in the
reaction *°Ti (n, p) *Sc. The resulting radioactive **Sc
isotope has long half-life (83.3 days) and a high energy
photon (889 keV and 1120 keV). This increases the
radiation burden on staff and patients.
investigation the titanium capsule with '**Yb nuclide was
activated at RADEX facilities at a proton energy of 209
MeV and a current of 30 pwA. The irradiation facility
RADEX at the beam-stop is placed on the direct card
track of the proton beam (Fig. 7). The RADEX
irradiation facility has vacuum proton channel (@ 20 cm),
tungsten target (@ 30 cm) and vertical channel (@ 7 cm)
and irradiated channel (@ 6 cm) (Fig. 7).

The tungsten target is placed 4 m beneath the surface
of the beam-stopper. The secondary spallation neutrons
are produced when hydrogen ions interact with the target
nuclei of tungsten.

The spallation reactions result in the yielding of
3. 10" n/s fast neutrons from the target (Fig. 8).

The irradiated channel is placed into the tungsten
target. The neutron flux level available in the irradiation
channel is up to 10" n-cm?s'. A polyethylene
moderator contained ytterbium capsule is placed into the
irradiation channel of RADEX facility. The thermal
neutron flux in the moderator is about of 10'° n - cm™s™.

After irradiation ytterbium capsule during 5 days up
to 0.3 mCi was measured '“Yb source photon spectrum
using the gamma-spectrometers based on the 200 cm’
coaxial HPGe detector IGC-45 (ORTEC). This detector
had a energy resolution of 2.2 keV and a relative
efficiency of 45.5 % at 1.33MeV. On the spectrum are
clearly visible emission lines of the main radionuclide
YD (Fig. 9).

In our

The contributions from other radionuclides are small (Table).
From the analysis of instrumental gamma-ray spectrum of the test sample that the spectrum contains peaks at
energy of 283 keV and 396.32 keV from radionuclide '°Yb. The ratio of the peak areas of '*Yb (307.8 keV) and '°Yb

(283 keV + 396.32 keV) is about of 26.

The spatial distribution of the absorbed dose of '®Yb source radiation was measured in a water equivalent phantom

using MD-55 film (Fig. 10).
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Fig. 9. Measured '®Yb source photon spectrum using a HPGe detector IGC-45 (ORTEC).
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Fig. 10. A distribution of the absorbed dose of '“’Yb source radiation.

The measured anisotropy of the source radiation is about 20 %.

578




REFERENCES

. Greenwood R. C., Reich C. W., Baader H. A. et al. Collective and two-quasiparticle states in °*Gd observed though
study of radiative neutron capture in '>’Gd // Nucl. Phys. - 1978. - Vol. A304. - P. 327 - 428.

. Piermattei A., Azario L., Montemaggi P. Implantation guidelines for '“’Yb seed interstitial treatments / Phys. Med.
Biol. - 1995.- Vol. 40. - P. 1331 - 1338.

. Yevdokimov Yu. M., Salyanov V. I., Kondrashina O. V. et al. Particles of liquid-crystalline dispersions formed by
(nucleic acid-rare earth element) complexes as a potential platform for neutron capture therapy // Int. J. Biol.
Macromol. - 2005. - Vol. 370. - P. 165 - 173.

. Goorley T., Zamenhof R., Nikjoo H. Calculated DNA Damage from Gadolinium Auger Eletrons and Relation to
Dose Distributions in a Head Phantom // Int. J. Radiat. Biol. - 2004. - Vol. 80. - P. 933 - 940.

. David C. M., Mark A. T., John J. M. et al. Monte Carlo characterization of an ytterbium-169 high dose rate
brachytherapy source with analysis of statistical uncertainty / Med. Phys. - 2007. - Vol. 34. - P. 3614 - 3619.

579



APPROACH TO GAMMA SPECTRUM ANALYSIS
WHEN ENERGY CALIBRATION IS UNKNOWN

A. M. Sokolov
Institute for Nuclear Research, National Academy of Sciences of Ukraine, Kyiv, Ukraine

In this paper an approach to gamma spectrum analysis for the purpose of determining the activity concentrations of
nuclides in natural samples is presented. In proposed method procedure of energy calibration for spectrometer is not
needed. Approach may by especially convenient for portable and mobile spectrometer at measuring in the field.

1. Introduction

If a gamma spectrometer is used to determine the quantity of gamma emitters present in the source the measured
spectrum usually described as a sum of spectra of the gamma-emitting nuclides contained in the source [1]:

N
Sp, :Zc,nspj.') , (1)
i=0

where Sp; - the spectrum, represented by the number of counts Sp(j) in the j-th channel of a spectrometerx c; — the

coefficients to be determined; sp;” — particular components (e.g. the spectra of specific nuclides); j — channel number;
i — particular component number.

However usually at measuring components and spectrum a background is present. Therefore instead of components
9D+ F onl; and instead of spectrum measuring gives Sp, + Fon2;. To take that Fonl and Fon2

we have spectra of type sp;

into account, they are measured separately (Fon/ in the same conditions with components, and Fon2 in one conditions
with the first spectrum in the series of measuring). In addition, if the series of spectra are measured, then the conditions
of these measuring can vary. That is reflected in a change of energy calibration for the channels of spectrometer. Thus a
spectrum is shifted and stretched (or compressed) with respect to the spectra of radiation of components, measured at
other energy calibration. For scintillation detectors such effect is related to sensibility of their characteristics on a
temperature variation [2].

For correctness of equation (1) it is necessary to bring results of measuring of spectrum and separate components to
one system of channels with identical calibration on energy. For this purpose usually energy calibration is provided for
a spectrum and for separate components. Such procedure can require additional measuring with the use of gauge
standard sources.

2. Spectrum analysis without energy calibration

The worked out method and program does not require information of calibrations on energy, and suppose only, that
calibrations for components and for background Fon/ are identical, calibration for Fon2 and for first in the series of
spectra is the same, and for subsequent spectra can be different. It is assumed also, that relationship between energy and
channel number for spectrum and for components, which we denote as £ = Fs(k) and E = Fc(k), satisfy the condition:
Fe(k) = Fs(a'k + b). A special case of this situation - the linear calibration on the energy E = as - k2 + bs for the
spectrum and E = ac - kI + bc for the components. In this case, for parameters a = ac /as and b = (bc - bs) /as the
condition Fc (kI) = Fs (a - kI + b) is satisfied. The program that implements the method works with the relative
calibration k2 = a - kI + b, which establishes a relation between the channels corresponding to the same energy.

The program does not use the explicit form of functions Fis(k) and Fc(k) and finds itself the coefficients a and b. A
task in a form (1) will be transformed in a task for minimum

2

*

N
Zci 'Sp‘(/-') _Spa.j+b ) 5 (2)
i=0

min(min
ab ¢

which is solved in two stages (linear for c¢; and nonlinear for @ and b). At that a spectrum Sp* in (2) is obtained from the
spectrum Sp by special procedure "of pouring", similar to that described in [3].

The spectrum is transformed from one system of channels onto a system of channels that correspond to the relative
calibration with the parameters a and b. Fig. 1 shows the spectrum in the original form (solid line) and the spectrum,
converted in accordance with the change of variable with parameters a and b, that were founded at solution of the
problem (2) (dotted line).

Later the activities of particular nuclides in the sample can be obtained on the basis of the found coefficients c;, on
known activity of gauge sources and taking into account time of measuring of separate components and spectrum.
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Fig. 1. The original spectrum (solid line) and the spectrum, converted in accordance with the change of variable
with parameters a and b, that were founded at solution of the problem (2) (dotted line).

For the transformed spectrum the task (1) is solved by traditional least squares method [4]. Typical result is shown
in Fig. 2.
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Fig. 2. The converted spectrum (dotted line) and it’s approximation by linear model (solid line).
3. Organization of work when series of spectra are processing

Processing of the first spectrum in the series and subsequent spectra is different in the background Fon2 subtraction.
Direct subtraction can be made, if the spectrum and the background measured at the same energy calibration, or if they
are transformed into a system of channels that corresponds to the same gauge. For the first spectrum in series and for
background Fon2 the measurements are executed with the same energy calibration and so the subtraction can be
performed. For the next spectrum in series the calibration of energy can vary. So for the first spectrum we, at first, make
a subtraction (Sp; + Fon2)) - Fon2;, and then for the "refined" spectrum we solve the problem (2). In particular, will the
values of parameters a and b, knowing that we will translate Fon2 in channels corresponding calibration energy
component. We denote the result as Fon2*. When processing next spectra of a series background subtraction from the
spectrum can be carried out in the framework of task (2) that will slightly change to:

2

N
. . (L) * *
nul’lbn(ngn i:EO ¢ -sp;’ —((Sp+Fon2), ., —Fon2))| )

Eventually, estimation of interested activity of individual components in the sample is obtained by the found
coefficients ci, according to the activity of standard sources and by the time of measuring of the individual components
and the spectrum (viz, Ai=ci - ai- Ti/ Ts).
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4, Conclusions

Proposed method for the spectrum analysis does not require calibration on energy of the spectrometer. Necessary
harmonization of the measured spectra and the standard sources is achieved by transforming the spectrum on the scale
of channels on which the spectra of the individual components have been measured. For this purpose the relative
calibration k2 = a - kI + b, determined by the parameters a and b, is used. To find them, we have to solve the problem
(2) and (3). That increases the amount of computation in comparison with the traditional approach, but for modern
computers it is not a problem. Processing time per spectrum in typical conditions (2048 channels, 4-6 components in the
spectrum) is usually less than 1 second. Method is stably applicable for parameter a in range of (0.5 + 2.). Program also
contains a stage of statistical analysis of the results, according to well known rules [5]. During statistical analysis the
estimation of accuracy of obtained activities is performed. This takes into account the statistical error in data (in the
spectrum), the error of the method and the uncertainty in the values of the activity of the gauge sources. The program
checks also are the set of components enough for description of spectrum and whether all components significantly
deviate from zero.

The method would be especially useful for portable spectrometers [6], for which the calibration on energy ‘in situ’ is
burdensome.
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NEUTRON DETECTOR ARRAY FOR REACTIONS AROUND COULOMB BARRIER
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R.P. Singh!, S.K.Suman®, T.Varughese!, S.Venkataramanan®, R. K. Bhowmik?

! Inter University Accelerator Centre, Aruna Asaf Ali Rd, New Delhi, India
2 Guru Ghasidas University, Koni, Bilaspur, Chhattisgarh, India

A large neutron detector array being built for the study of fusion-fission dynamics is described. The array consists of
100 liquid scintillators mounted on a nearly semi spherical geometry. Each scintillator coupled to Hamamatsu R4144
photo multiplier tube is readout using custom designed electronic circuits. Homemade integrated electronics module
performs the n-y separation by zero-cross timing and time of flight method. Compact remote controlled high voltage
power supply built from DC-DC converters are used to operate the detector. The neutrons are detected in coincidence
with fission fragments using multi wire proportional chambers. The performance tests of n-y discrimination using ***Cf
neutron source showed excellent discrimination at the energy threshold of 110 keV recoil electron energy.

1. Introduction

The study of heavy ion induced fusion-fission dynamics is a topic of considerable research interest, both
experimentally and theoretically. The recent experimental observations suggest that many reaction mechanisms are
possible in heavy ion induced fission near and above the Coulomb barrier energies. It has been shown that, the now well
established reaction process such as fusion-fission and quasi-fission exhibit their own characteristics reaction times that
can be probed by measuring pre-scission neutron and charged particle multiplicities [1 - 3]. The pre-scission neutron
multiplicity has a strong correlation with the evolution of the composite system in the nuclear deformation space [4].
Over the years, the measurement of pre-scission and post-scission neutron multiplicity in coincidence with fission
fragment has been used as a powerful tool to study the dynamics of the fissioning system and a large number of such
experiments have been performed [5 - 9].

At Inter University Accelerator Centre (IUAC, formerly known as Nuclear Science Centre), New Delhi, heavy ion
beams from the Pelletron tandem and LINAC accelerators are used for nuclear reaction studies around the Coulomb
barrier energies. Using DC and pulsed beams, we have performed a number of experiments probing the fusion-fission
dynamics in our scattering chamber and neutron array facility [10 - 13]. The scattering chamber facility consists of a 1.5
m diameter vacuum chamber and a time of flight (TOF) spectrometer for fission fragment angular distribution and mass
measurements. The neutron detector array consists of 24 liquid scintillators (at a flight distance of 2 m from target) and
a pair of multi-wire proportional counters (MWPC) for fission-fragment detection. These facilities are being used for
experiments measuring the fission fragment mass distribution, angular distribution and extraction of pre and post
scission neutron multiplicities. To distinguish the time scale of different dynamical process in fission, it is also
necessary to experimentally extract the correlation between the pre- and post scission multiplicities and their evolutions
with the parent nucleus excitation energy. For these types of experiments, a bigger neutron detector array is required to
make any measurement of multiplicity distributions in coincidence with fission fragments. Already, one such detector
array DEtecteur MOdulaire de Neutron (DEMON) in France and Belgium [14], has been used for similar studies. To
enhance further studies in this field, we had proposed to build a new detector array of 100 detectors and got the
approval and financial support from the Department of Science and technology, Govt. of India. The new detector array
will use the TOF technique for the determination of neutron energy and the pulse shape discrimination (PSD) technique
to discriminate the neutrons from gamma rays. This detector array would be a national facility being built as a
collaboration of [UAC and other participating universities within the country.

2. Large Neutron detector array at IUAC

The upcoming new facility will have 100 individual neutron detectors installed in a fixed radius semi sphere
configuration. The detectors are made of 5 x 5” organic liquid scintillator cell BC501A coupled to 5” photo multiplier
tube (PMT). They will be mounted on a metallic geodesic dome structure at a radial distance of 1.75 m from the target.
A one meter diameter spherical vacuum chamber will be installed to house the targets and the fission fragment
detectors. The center of the target chamber is located at 1.4 m above the ground level and all the neutron detectors are
mounted on eight rings on the geo-dome structure, the lowest ring being 15° below the target plane. The total solid
angle coverage of the neutron detector array in this geometry is ~3.3 % of 4. The first phase of the project will have
50 neutron detectors operational and the remaining 50 detectors will be installed on later stage. The BC501A liquid
scintillators have the best pulse shape discrimination properties giving good n-y discrimination. Though the detectors in
our existing setup used Philips XP4512B PMTs, their unavailability led us to choose Hamamatsu R4144 PMT for all
new detectors. According to the manufacturer this tube has good timing characteristics and from the comparative study
made by Moszynski et.al [15], it was found to be the second best recommended tube for liquid scintillators. To process
signals from detectors, we have planned to use standard analog NIM electronics and data readout using CAMAC/VME
data acquisition system. For this purpose, custom made electronics have been built and tested using detector signals.
Later stage, we may upgrade the electronics using digital processing techniques.
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3. Instrumentation for Neutron detector array

From each detector cell, the light output, pulse shape discrimination and time of flight are recorded using standard
NIM electronics. The anode signal from PMT is used for timing as well as pulse shape discrimination whereas the
dynode signal is used for energy (light output) information. A custom made PSD module [16] has been used for the
signal readout. This module contains the integrated electronics for n-y discrimination, time of flight and energy. It is a
single width NIM module having two independent channels that can accept signals from two detectors. For each
detector, the anode and dynode (through a charge sensitive pre amplifier) signals are fed to the inputs of the PSD
module which process them and provide energy, constant fraction timing and a time to amplitude signal corresponding
to zero-crossing time distribution for n -y separation at its outputs. Other logic signals and monitoring signals are also
provided on its front panel. Total 50 channels of PSD modules have been fabricated and tested for its performance.

In our experimental setup, the PMTs are normally operated below -2000 volt. To apply the high voltages, we plan to
use home made voltage divider bases, which contains the high voltage resistive divider circuit compatible to R4144
tube. The base also contains an integrated charge sensitive pre-amplifier for dynode signals. To take care of the large
number of high voltage channels required for the full array, custom made compact high voltage power supply has been
made at IUAC. The high voltage (0 - 2000 V) is generated using commercial DC-DC high voltage converter chip
(PICO make) mounted on a control board that can be controlled over a private Local Area Network. The digital section
of this board consists of a microprocessor and an Ethernet controller where as the analogue section contains one 12-bit
digital to analog converter. Each board has its own unique MAC and IP address so that each can be specifically selected
at a time for read & write operations. A 24 channel power supply system, each channel having the compact DC-DC
converter has been assembled in a 2U box (19” rack mount) and tested successfully by biasing the detectors. A network
of 120 such boards has been planned for the final phase of detector array. A graphical user interface developed in Qt
framework is used to control the high voltages over the network.

The fission fragments are detected in low-pressure position sensitive multi wire proportional counters mounted
inside the spherical vacuum chamber. Two MWPCs are mounted at folding angles so that the complimentary fission
fragments are detected in coincidence. The MWPC has three electrodes, having a central cathode foil electrode
sandwiched between two wire/strip frames. The cathode frame is made of double-sided aluminized Mylar foil
(thickness of 2 micron). The horizontal position (X) sensing wire frame is made of 10 micron thick gold plated tungsten
wires stretched (pitch of 0.63 mm) on a printed circuit board (PCB). The vertical position (Y) sensing electrode is made
of 2.5 mm strip on a PCB. The position information is derived using delay lines chips. The electrodes are enclosed in
vacuum tight rectangular aluminum chamber having thin Mylar foil entrance window (of active area 126 mm x 75 mm).
The detector was operated with iso-butane gas. The detectors mounted at a distance of 25 cm from the target spans an
angular coverage of £14° in the horizontal(X) plane and +8° in the vertical(Y) plane respectively. Fast rise time about
3 ns and a position resolution about ~1 mm has been observed in beam experiments on-line. To increase the efficiency
further, an array of four MWPC will be used in future to cover a large solid angle for fission detection.

4. Performance tests

All the 50 detectors for the first phase have been tested for its performance characteristics using standard gamma ray
as well as neutron sources. The n-y discrimination test was carried out with home made PSD electronics and compared
with commercial electronics. Though the detectors and PMTs are all identical, the operating voltage varied slightly
among detectors. Nominal operating voltage on each detector was determined by keeping the anode signal amplitude
for 'Cs gamma rays around 450 mV for best timing & zero-cross separation. The light output (the dynode signal) from
the detector was calibrated using the Compton edges of gamma rays from **Na, *’Cs and “Co. All the signals were
digitized and collected event by event using conventional analog to digital converters and time to digital converters on a
CAMAC based data acquisition system. A typical energy (light output) spectrum for gamma ray from *’Cs source is
shown in Fig. 1.
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The performance of the n-y separation was tested thoroughly using home made as well as commercial PSD
electronics. Fig. 2 shows the two dimensional histogram showing zero cross time distribution plotted against the energy
output for one detector using neutrons and gamma radiations from 252 Cf source. Distinct separation between neutron
and gamma events from the source is clearly visible illustrating the performance of the pulse shape discrimination of the
setup. A one dimensional histogram showing the n-y discrimination corresponding to the energy threshold of 110 keV
recoil electron energy is shown in Fig. 3. The PSD performance at a given energy threshold is quantified by using a
figure of merit (FOM), defined as the ratio of peak separation to the sum of full width at half maximum (FWHM) of the
peaks. The typical FOM for the detector and electronics combinations is found to be 1.62 at 110keV recoil electron
energy.

Fig. 2. Zero cross time distribution
versus energy for neutrons and gamma
rays from “**Cf source.
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5. Summary

The new facility for studying fusion fission reaction dynamics using 100 neutron detectors and multi wire
proportional counters for fission fragment detection is being setup at [IUAC. All the 50 detectors for the first phase have
been tested for its performance using standard radioactive sources. The n-y discrimination tests using custom made
pulse shape discrimination module showed good separation of neutron events with a figure of merit of 1.62 at the
detection threshold of 110 keV recoil electron energy. Multi channel high voltage power supply system with remote
control over the Ethernet has been fabricated using compact DC-DC converters.
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CHARACTERISTICS OF WIDE BAND-GAP GAMMA-RADIATION DETECTORS
BASED ON MERCURY COMPOUNDS
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E. M. Prokhorenko? V.F.Klepikov? V. V. Lytvynenko?
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We used Monte-Carlo method to compare characteristics of Hgl,- and HgS-detectors which work in the mode of
pulse amplitude analysis. The GEANT4 Simulation Toolkit version 4.9.4p03 and EGSnrc version 4.r2.3.2 were used for
gamma-quantum trajectory modeling and response function calculation in the gamma-quantum energy range between
25 keV and 3 MeV. We supposed that simulated Hgl»- and HgS-detectors were equipped with planar contacts and their
geometric sizes were of @2 mm x 1 mm. Gamma-quantum registration efficiency e(E,) and detector sensitivity §(E,))
dependence on energy for energy range from 0.025 to 3 MeV are obtained basing on calculated detector response
functions. Statistical characteristics of theoretical response functions and pulse amplitude distributions are studied
taking into account noise and incomplete charge collection distortions of theoretical response functions. Results of
simulation show that in the high energy region the efficiency of energy conversion of gamma-quanta in charge signal
for HgS detectors can exceed the same characteristic for Hgl,-detectors up to 10...12 %.

1. Introduction

Mercuric iodide (Hgl,) is a promising material for gammarradiation registration at room temperatures. Theoretical
detection capability of Hgl, exceeds the characteristics of most materials produced for gamma-radiation spectroscopy
[1]. Present technologies of Hgl, growth allow to obtain specific resistance p of semiconductor compound in the range
between 10" Ohm - ¢m and 10 Ohm - c¢m [2]. Using the single carrier collection techniques (for wide band-gap
semiconductor detectors it is only electron collection) [3] the resolution of Hgl,-detectors can exceeds the resolution of
the same CdZnTe-detectors.

However, detectors based on Hgl, did not become commercially available because crystals from this semiconductor
compound have essentia defects. In particular, the higher sublimation rate of iodine leads to sample surface enrichment
with iodine (stoichiometric impurity), and the transition from tetragonal c-Hgl, phase to the orthorhombic B-Hgl, phase
destroys order of the material structure [4]. As a result grown material is an excessively soft. Besides it easy
delaminates along iodine planes.

Although other wide band-gap semiconductor compounds which include iodine (for example, Pbl,) do not undergo
phase changes but they are also not suitable for mechanical treatment (ingot cutting, polishing of the detector surface)
because of high fragility of the grown crystals[1].

The disturbance of the crystalline structure leads to formation of the electricaly active defects in Hgl, which
essentially deteriorate charge collection in the planar detectors [4, 5]. Therefore in the majority of published
investigations the thickness of the Hgl,-detector does not exceed 1 mm. Such detectors can be used for registration of
X-rays and low energy gamma-quanta (E, is below 100 keV). Since réatio of the lateral side value (or diameter for
cylindrical detectors) to the thickness of Hgl,-detector is usually not less than 10 to 1 that value of anisotropy of
detector sensitivity is specified as tens or even hundreds percents (at 90° angle). Field of application of anisotropic
detectors is mainly confined to stationary devices where detector orientation toward axis of gamma-radiation beam is
not changed.

Above mentioned disadvantages of iodine-containing semiconductor compounds became the reason of search of
other materials which have the same detection characteristics as Hgl,, But at the same time new materials must be more
suitable for mechanical treatment and they must provide the reproduction of good detection characteristics of detector.
Mercuric sulphide (HgS) is one of the new promising materials for gamma-radiation detection [6]. It is the most widely
distributed stable mercuric mineral (cinnabar). As shown in Ref. [6] even impure natural HgS-crystals have sufficiently
good characteristics of charge carrier transport for creation of gammarradiation detectors which could work in the
energy range up to 100 keV.

In this work Monte-Carlo method is used for comparison between detection characteristics of planar HgS gamma-
radiation detectors working in the mode of registration of single gamma-quanta [7, p. 110] and characteristics of the same
Hgl,-detectors. Statistical characteristics of theoretical response functions and pulse amplitude distributions have been
investigated taking into account the distortions of theoretical response functions due to noises and incomplete charge
collection. Basing on the calculated detector response functions the dependencies of gamma-quantum registration
efficiency €(E,) and detector sensitivity 6(E,) on energy E, were obtained for energy range from 0.025 to 3 MeV.

2. Simulation of response function of room-temperature semiconductor detectors

The calculation model of response functions of room-temperature semiconductor detector (SCD) was
originally developed and tested for CdTe- and CdZnTe-detectors with planar contacts [8, 9]. Subsequently, this model
has been applied for analysis of characteristics of other wide band-gap semiconductor materials [10]. The universal
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EGSnrc and Geant4 codes for the Monte-Carlo simulation of the passage of photons, electrons and positrons through
matter [11, 12] was used for computation. Besides of interaction of gamma-quanta and charged particles with detector
matter the model [8] alow to take into account the influence of noises and losses of nonequilibrium charge on the
output signal amplitude.

Fig. 1 and Fig. 2 show calculated response function of Hgl,-detector with planar contacts on gamma-quanta with
energy E, = 662 keV (**Cs source) and its transformation in the measuring channel. The plot ordinate is defined as the
ratio of pulse counts N; in i-th channel of the simulated analog-digital converter (ADC) to total pulse counts

N = Z N, . Detector parameters correspond to data Ref. [13]: sizes of 1 x 1 x 1 cm?®, charge transport characteristics

(mohility-lifetime product) — (ut)e =5 - 10° cm?V, (ut), =3 - 10° cm?/V, SCD bias U = 2.5kV. Fig. 1 demonstrates
processes of gamma-quantum energy absorption and nonequilibrium charge production in the detector. The investigated
detector has sufficiently high probability of the complete absorption (photoeffect) of gamma-quanta with energy
E, = 662 keV. Simulation shows that about fifty percents of the interacted quanta are fully absorbed. The efficiency of
gammea-quanta registration for energy E, = 662 keV is about 42 % and so absolute theoretical intrinsic probability of
scattering in the photopeak is about 21 %. It means that less than 25 % of input gamma-quantum flow is fully absorbed
in Hgl, at the length 1 cm. It coincides with simulation results using MCNP code [1]. Escape peaks corresponded to
characteristic gammar-quanta of the mercury and iodine which have left the detector volume are clearly visible on the
Compton valley background (0.45<E <0.65MeV). The ratio of photopesk amplitude E, to the average pulse
amplitude in the Compton continuum region (0 < E <0.45MeV) exceeds two orders of magnitude. Small peak
spreading comes from fast electron energy losses due to the generation of lattice vibrations (losses up to 5 %).

Fig. 2 shows changes of response function of Hgl,-detector (Fig. 1) after the output of the measuring channel. A
main part of pulse amplitudes is shifted to the Compton continuum region. The escape peaks are almost completely
spreaded. The ratio of the photopeak amplitude E, to the average amplitude in the Compton continuum region (i.e.
where 0 < E < 0.45MeV) is less than 1.3. In whole the response function (Fig. 2) has satisfactory agreement with
caculationin Ref. [13].
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Fig. 1. The response function of Hgl,-detector Fig. 2. The response of Hgl,-detector after the output
on gamma-quanta with energy 662 keV without taking of the measuring channel corresponded to Ref. [13].

into consideration the charge collection and noises.

Results of simulation (Fig. 2) are satisfactorily conformed to calculations that presented in the Ref. [13] but the
shape of the showed in that Ref. experimental **'Cs spectrum differs from the shape of calculated spectrum. The most
important distinctions are the photopeak lack and higher value of experimental ratio Ni/Ny; at the initial energy range in
comparison with simulation. The variation of the model parameters showed that we can achieve such spectral
distribution if the intensity of interna electric field inside the detector is much less than expected value that is
U/d = 2500 V/cm for planar detectors. It can be a consequence of the distortion of the interna electric fields near
numerous growth defects of semiconductors as in Ref. [14, 15]. This case can be reproduced within the used model at
lower bias U (Fig. 3). From

Fig. 3 it follows that the photopeak is absent as it occurs for the real spectrum of **’Cs source that was presented in
Ref. [13]. The pulse number in the initia channels exceeds the average value of pulse humber in the Compton
continuum up to one order of magnitude.

Fig. 4 shows change CCE(X) corresponding to reduction of the internal electric field intensity inside the detector. At
the same time the detector thickness-averaged collection efficiency CCE is decreased from 57.6 % to 42.9 %. It leadsto
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complete degradation of the 662 keV photopeak (Fig.3). Thus, the developed model of room-temperature
semiconductor gamma-radiation detector allows to obtain the response function of Hgl,-detector which has satisfactory
agreement with known experimental and simulation data. It permits to use the described model for comparison between

detection characteristics of Hgl,- and HgS-detectors.
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Fig. 3. The change of Hgl,-detector response Fig. 4. The change of the charge collection efficiency
at the bias reduction. CCE(x) in the Hgl ,-detector.

3. Characterigtics of Hgl»- and HgS-detectors

The calculations of response functions were carried out for the planar Hgl,- and HgS-detectors with ohmic contacts.
Their geometric sizes were of &2 mm x 1 mm. The detector operation spectrometric mode was simulated. In the both
cases bias voltage was 100 V. The equivalent noise charge was 400 units of electron charge (€"). Mobility-lifetime
products were chosen (ut)e = 1 x 10 cm?/V for electrons and (ut), = 4 x 10~° cm?V for holesin both detectors. At the
first stage of HgS-detector simulation with electron and holes mobilities pue = 15 cm?(V - s) and pn =2 cm?(V - )
respectively (detector no. 1) was studied. Hgl,-detector mobilities were pe = 67 cm?(V - ) and p, = 8cm?/(V - 9). At
the second stage of HgS-detector simulation with the same electron and hole mohilities as for Hgl,-detector (detector
no. 2) wasinvestigated.

As the calculation shows (Fig. 5) the sensitivity & of HgS-detector no. 1 is essentialy lower than the sensitivity of
Hgl -detector. The detector thickness-averaged charge collection efficiency CCE for HgS-detector no. 1 was changed in
the range from about 42 % for energy of gamma-quanta 26.34 keV to about 4 % for 3 MeV. At the same time for Hgl»-
detector CCE change was observed in the range between about 65 % and about 36 %. We suppose that the main reason
of comparatively low sensitivity of HgS-detectorsis aballistic deficiency due to low mobility of charge carriers[16].

In order to check the last assumption the theoretical response of HgS-detector no. 2 with the same mobility of charge
carriers as for Hgl,-detector was computed. As follows from data of Fig. 5 the sensitivity 6 of Hgl,-detector is
practically equal to sensitivity 6 of HgS-detector no. 2 in the range of gamma-quantum energy up to about 80 keV.
Jump increase of sensitivity of HgS-detector no. 2 is observed in the energy region above 80keV. This jump
corresponds to transition over K-edge of absorption of mercury (83.1 keV). Interestingly, that this jump is almost
invisible for Hgl, (Fig. 6). The jump change of sensitivity have to be taken into account at calculation of parameters of
correction of energy dependence of sensitivity of HgS-detectors in dosimetry application.
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0.1 1 E ,MeV 10° 10° 10" 10" 10' £, MeV
Fig. 5. The dependence of sensitivity & vs gamma-quantum Fig. 6. The energy dependence of mass energy
energy for Hgl,-and HgS-detectors. coefficient in the Hgl,- and HgS-detectors.
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1/, uR/pulse The comparison between dependencies of investigated

_ detector sensitivity on energy in the range above 300 keV
can be most easily made for inverse function 1/6 = f(E))
(Fig. 7). The caculation data show (plot — HgS, detector
no.1l) that HgS-detectors which can be made from
currently available material cannot compete with detectors
based on mercuric iodide. In the high energy region the
sensitivity of HgS gamma-radiation detectors is lower
in 2 or more times in comparison with the same Hgl,-
detectors.

In order to use advantages of HgS semiconductor
compound (chemical stability, mechanical strength) it is
necessary to improve the growth technologies of mercuric

0 e . . sulfide. The principle problem consists in increasing

0 1 2 E . \ew values of charge carrier transport in HgS up to level of

y:2 averaged values which are typical for currently available

Fig. 7. The dependence of 1/8 value vs gamma-quantum mercuric iodide. In this case, as the simulation shows

energy for Hgl,- and HgS-detectors. (Fig. 7, plot — HgS, detector no. 2), the sensitivity of HgS-

detector can exceed the sensitivity of the same Hglo-

detector in the high energy gamma-quantum range at 10 - 12 %. The thickness of serial HgS-detectors can be increased

up to 3 mm. In this case the theoretical value of their sensitivity in the high energy gamma-quantum range can exceed

the sensitivity of serial Hgl,-detectors up to 15 %. For further improvement of characteristics of HgS-detectors the
grown single crystals of mercuric sulfide have to allow to use higher bias.

—o—Hgl,

—&—HgS, detector 1
—— HgS, detector 2

4, Conclusions

Mercuric sulfide (HgS) is a new promising material for production of room-temperature gamma-radiation detectors.
The our calculation showed that for using advantages of HgS (chemical stability, mechanical strength) it is necessary to
improve the growth technology of mercuric sulfide in order to increase mobility of charge carriers. Achieving mobility
values of electrons and holes which are typical for currently available mercuric iodide the sensitivity of HgS-detectors
in the high energy gamma-quantum range (above 1 MeV) can exceed the sensitivity of the same Hgl,-detectors up to
15 %. For further increasing sensitivity it is necessary to obtain the mercuric sulfide crystals with higher values of
electrons and holes mobility.
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NUCLEON NONEQUILIBRIUM DISTRIBUTION FUNCTIONS
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We investigate the evolution of the nucleon system created in relativistic nucleus-nucleus collision, but we
parameterize this development by the number of collisions of every particle during evolution rather than by the time
variable. It is assumed that the group of nucleons which leave the system after the same number of collisions can be
joined in a particular statistical ensemble. The nucleon nonequilibrium distribution function which depends on a certain
number of collisions of a nucleon before freeze-out is derived. The collision smearing of the nucleon momenta about
their initial values during nucleus-nucleus collisionsis investigated.

1. Introduction

The main goal of the investigations of the collisions of relativistic nuclei is extraction of a physical information
about nuclear matter and its constituents. It is a matter of fact that we can get know more about quarks and gluons
(constituents) just under extreme conditions, i.e. at high densities and temperatures. In the present paper we propose a
transparent analytical model of the nucleon spectrum which occur in relativistic heavy-ion collisions. Our model is
aimed at the extraction of the physical information from the nucleon spectra for such collision energies when the
number of created nucleon-antinucleon pairs is much less than the number of net nucleons. This means that the model
can be applied to AGS and SPS energies.

Let us look on the cross-section of the multiparticle production during collision of relativistic nuclei, where
P=P,+P, istheinitia tota 4-momentum of two colliding nuclei "A" and "B". For the description of the nucleon

subsystem one can parameterize the final state of the nucleon ensemble by 4 -vector K = (E,.K ) . In the center of
mass of the N -nucleon subsystem, where K, =0, the total cross-section reads

N dNG | N
S =W(p.,P,,....pyN )0 Ey — , 1
{Hwn ol T, } CERSDECEDIY M

n=1

where ®, = w(p,) =+/M" +p?> . Due to the presence of the § -function, which "fixes" the energy of the nucleon system,

the last expression (1) looks like a probability in the microcanonical ensemble. Then, it is reasonable to make the
Laplace transform with respect to the energy E, of the nucleon ensemble

|:ﬁwn i dN36nucIeon3 :| :\/\/(pl’pz’._.,pN)lﬁ[ewan_ (2)
d°p,d°p,...d py A )

n=1

It turns out that now one can describe the final state of the nucleon subsystem through one of the two parameters:
the total energy E,, or the parameter 3. The statistical model [1 - 3] neglects all dynamics, which is accumulated in the
transition probability W, in favor of the features of the phase space. Formally this is expressed like approximation:
W(p,.p,....,.py) =const. This description gives a certain information about the spectrum of the registrated particles.
Meanwhile, any dynamical information about rescattering processes during collision islost. At the same time, it iswell

understood that a microscopic description can be done just on some level of approximation. For instance, if possible to
factorize the transition probability W we come to factorization of the multi-nucleon cross-section

N dNGnucIeon — > —Poy,
Hmn d3p1d3p2...d3pN l _H[e W(pn):|‘ (3)

n=1 n=1

The approximation of the sequential rescatterings of a particle during collision of nuclei which is proposed in the
present paper is exactly in this framework: we follow the chain of reactions (rescatterings) of every nucleon, which goes
through the number of hadron transformations, and as a result we obtain a single-particle spectrum of the nucleon
WM (p) , which depends on the number M of collisions (reactions) of the nucleon.

We argue that the number of nucleon collisions (reactions) at AGS and SPS energies is finite and the maximal
number of collisons M, is not more than M, . =43. Besides this all nucleons, which are freezed out during
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particular nucleus-nucleus collision, can be partition into groups; in every group the nucleons went through the same
number M of collisions. We determined that the most populated groups are for number of collisons M which arein
the range: M =16-18. Starting from initial time moment of the nucleus-nucleus collision we follow the sequential
collisions of every nucleon through the opposite nucleus (Fig. 2), nevertheless the origina nucleon can be transformed
during particular collision into another particle, for instance into delta isobar A", (Fig. 1). Then, we follow a new
particle which carries the same charges (the baryon number, electrical charge etc.) as the original nucleon. During the
last collision (it can be a decay) al these "intermediate” particles transform back into nucleons, hence we can
investigate just nucleons in the fina state. With growing the number of collisions the actual number of "active"
nucleons goes down because of radiation of nucleons. From this point every group of nucleons in the final
noninteracting state is the subject of the statistical model. For the multiscattering stage of evolution we treat UrQMD [4,
5] as asource of “experimental data’ which we use to adjust the parameters of our model.

) # i,
iy NN D
v..s""ni
n P\ pH ‘N‘

Fig. 1. Sequential reactions of theinitial nucleon, 1<M,, <43.

We propose the mutually complementary combination of these two approaches: the approximate description of the
dynamica stage of evolution of nucleons during the nucleus-nucleus collision which is completed by the statistical
description of the nucleon freezed out stage. We named this approach as "The multiscattering-statistical model".

2. The multiscattering-statistical model

Consider successive variations of the momentum of a nucleon from nucleus A (see Fig. 2) which moves aong the
collision axis from left to right through nucleus B . Every m-th collision induces the momentum transfer, q,,, for this

nucleon. So that, after M collisions, the nucleon acquires the momentum Kk :

ke, » ky,+q9;, — k,+q,+q, — - — k,+Q=k. (@]

where Q :Z:ﬂqm is the total momentum transfer finally obtained by our nucleon after M collisions (Fig. 3). If

M -th collision is the last one, then the nucleon is free after it or the nucleon has been freezed out from the system. Asa
matter of fact it will be a group of such nucleons which experienced the same number of collisions M before freeze-
out. The relation of these nucleon groups (nucleon sub-ensembles) to the spectrum is discussed in the next section.

M-particle systern " A" M-particle system "B

L /0% o
k, /o 020

o ©

Fig. 2. Two calliding identical nuclei. Two-stream system Fig. 3. Transformation of the initial nucleon momentum,

is creqmed during collision of every nuclec_m from nucleus k,, asaresult of M collisions, Q= ZM—qm is the total
"A" with nucleons from nucleus "B" and vice versa et )
momentum transfer after M collisions, q, is the

momentum transfer in the m-th collision.

We assume that all momentum transfer obtained by the nucleon from nucleus "A" during its traveling through the
system "B" are the random quantities[6, 7].

2.1 Two-stream dynamics

The description of a two-stream system which is created in relativistic nucleus-nucleus collisions is based on the
following assumptions:
1) Starting from the initia state (first touch of the colliding nuclel), at the arbitrary moment of time there are two

system of nucleons: one system consists of nucleons with positive z -component of the nucleon momentum, i.e. p, >0
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(we name this system as "A") and the second system consists of nucleons with negative z-component of the nucleon
momentum, i.e. p,<0 (we name this system as "B", see Fig. 2). Even after freeze-out there is a good enough

separation of these systemsalong p, -axis.

2) The number of collisions of every nucleon (hadron) is finite because the lifetime of the firebal is limited. To
determine the maximal number of collisions, M in a particular experiment we use the results of UrQMD
simulations [4,5].

3) Because the coalliding nuclei are restricted spatialy, the different nucleons experience a different number of
collisions: it isintuitively clear that the collision histories of the inner nucleons and surface nucleons will be different.
That is why, we partition all amount of freezed out nucleons (nucleon ensemble) into different nucleon sub-ensembles
in accordance with a number of collisions M the nucleons went through before being freezed out. Then, the nucleons
from every sub-ensemble give their own contribution to the total nucleon spectrum.

If we denote the number of particles in a particular nucleon sub-group (sub-ensemble), where the nucleons
experienced M collisonsby N,, , theninthe c.m.s. of colliding nuclei the total nucleon spectrum looks like [6, 7]

max ?

dN _
d®p

Mmax Mmax
z NM IFM (p)’ with Z NM = Ntota]’ (5)
M=1 M=1

where N, isthe total number of net nucleons. The number of nucleons N,, in every sub-ensemble calculated for

different energies with the help of the microscopic transport model UrQMD [4,5] is depicted in Fig. 4. Every sub-
ensemble of nucleons (these nucleons are already emitted) can be imaging as an ideal gas which moves with some
collective velocity.

Normalized to unity two-stream distribution function F,, (p) , which in accordance with the first assumption should
take into account the spectrum produced from both particle streams "A" and "B", in the Gaussian approximation 1ooks
like (for details see Refs. [6, 7])

5,0 =3[ FO IO ©)
where
@ (k) =+ _ _ kZ _(kZ_kOZ_<QZ>M)2
fu” (k) 3 (BM)exp{ B, ok) 2(07). }exp{ 2(c7). : 7)
and
® )= L _ __ K (k1o +(Q,),)°
We=g (BM)exp{ By oty }exp{ 217, ®)

with k,=(0,0,k,,) and we assume (c%), =(c3),,=(c?), . Here the single-particle partition function reads

z B,) :J.d3k/(2n)3 £ (k) .

[ Au+Au, 10.8, 40, 80 AGeV, Pb+Pb, 158 AGeV [ Au+Au, 2, 10.8, 20, 40, 80 AGeV; Pb+Pb, 158 AGeV |
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Fig. 4. The populations N,, of the nucleon sub-ensembles Fig. 5. The z-component of the mean momentum ransfer

which depend on the number of collisions M . The result  Versus number of collisions.
is obtained from the UrQMD simulations for the most
central collisions.

3. Extraction of physical parametersfrom the data

First we obtain from UrQMD [4, 5] the longitudinal distribution of nucleons for every M -th sub-ensemble. The
distributions for the stream "A" (positive p,) and the stream "B" (negative p,) were obtained separately. This pool of
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distributions we quoted as "urgmd data". We fit the "urgmd data" on the longitudinal distribution of nucleons of the
M -th sub-ensemble of the stream "A" exploiting the theoretical distribution function (7) integrated over transverse

momentum. The variations of the theoretical distribution function were provided by four parameters: (QZ)M , B

M

(csi)M and (ci)M . The results of the fit of the "urgmd data" (nucleon longitudinal distributions) for the energies
10.8,20,80 and 158 AGeV are depicted in Fig. 6.
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Fig. 6. The spectrum of the M -th nucleon sub-ensemble (M =6,10,18,30) with respect to p,-component of the

nucleon momentum calculated using the UrQMD transport model for Au+Au collision (black curve). The red curve is
the fit of the UrQMD datain the framework of the proposed multiscattering-statistical model.

The dependence of the parameters with respect to the number of reactions, M , of the nucleon before freeze-out is
shown in the following Figures: The slope parameter TM =1/ BM in Fig. 8 (red curves) and the temperature T, (blue

curves); The mean value of the shift of the distribution function, (Q,),, , in Fig. 5; The longitudinal variance (ci)M in
Fig. 7.
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Fig. 7. Longitudinal and trasverse variances, (o7) ~and (o%) |
versus the number of collisions M for collision energies 10.8 and 158 AGeV.

Temperature of the hot ideal gasis determined in the local rest frame of the gas. This temperature is connected with
the total kinetic energy of N particles (nucleons) in the local rest framein the following way:

Er.f

gty ST

N K, (my /7o)

©)

Inour model E,, isthetotal kinetic energy of the sub-ensemble of nucleonsin the rest frame of this group of particles,

m_isthenucleon mass (E , =y[E-VP],y=1/v1-V?).

598



| Au+Au, 10.8 AGeV

0,30 |. T T T T T T T
\ -
0,25- \.\ - slope] 4
..-ll\=‘_-. T TO
o .. Ugy
5 020] [T -
Q) ./ AN .ll....
(D 0,15'/ .\.\.:‘III! .
- M
0,10 ]
0’05 T T T T T T T T
0 5 10 15 20 25 30 35 40 45
M
| Au+Au, 80 AGeV |
0,7 T T T T T T T T
061 4 —— T
0,5' /.'..\.!.o\ T TO b
. "=t
204y e, :
O | T
l_— 0,3- ““‘ ) .ﬁ-\ 1
0,2 T,
011 "]
0 5 10 15 20 25 30 35 40 45

M

| AutAu, 20 AGeV |

0,40 T T T T T T T T
035 | e
o\ slope
S 030 N I
(0] .\o\
O 0,25{ artemas. ]
020 | "y ]
’ [ ] !ll
/ =“Q='llll
0,1 5] " \'%'\./.\.1
0,10 T T T T T T T T
0 5 10 15 20 25 30 35 40 45
M
| Pb+Pb, 158 AGeV |
0,8 T T T T T T T
0,7- .\o - Tslope ]
S 0,61 \.\. —a T, ]
8 0,51 .\."‘o.. ]
- 0,47 ememma, ) ~ ]
}— ./ ...l.. '\
013-/ ..l.....\. 3
""--*. ]
0,24= T S
0,11 ]
0 5 10 15 20 25 30 35 40 45

M

Fig. 8. Dependence of the slope parameter TM (red curve) and temperature T, (blue curve)

on the collision number M for different energies of the nucleus-nucleus collision: 10.8, 20, 80, 158 AGeV.

To obtain the transverse distribution we integrate the "A"-stream distribution function (7) over the longitudinal
component of the nucleon momentum. The results of the description of the "urgmd data' on nucleon transverse
distribution for the energy 20 AGeV is depicted in Fig. 9 (Ieft pandl). For this description we use the same values of

parameters (Q,), ., B, (62)M and (ci)M , which were obtained during the fit to the "urgmd data" on nucleon

z

longitudinal distributions.
The experimental data for transverse nucleon distributions in central Au+Au reactions at p,,, =11.6 A GeV/c [§]

were described with making use of the formula (5), the result is depicted in Fig. 9 (right panel). We see a good
agreement of the description with experiment.
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Fig. 9. Fit of the UrQMD data (left panel) and description of the experimental data[8] on nucleon transverse
distribution in central Aut+Au reactionsat p,,, =11.6 A GeV/c (right panel).
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4. Discussion and conclusions

» Description of a many-particle system, which isin the thermal equilibrium state, can be regarded as understood
by means of the temperature and chemical potential if the latter is needed. Then, to obtain the value of the temperature
one has to fit particle spectrum data with the help of single-particle distribution function. The fitting procedure is
nothing more as an extraction of the physical quantity, "temperature”, from the data.

« |f we transfer to the description of the nonequilibrium many-particle system, the natural question arises: what a set
of parametersis necessary to have arelevant physical picture of the many-particle system which state evolvesin time?
Of course, under the words "physical picture” one means aphysical interpretation of the parameters of the model. The
set of parameters of amodel, abehavior of evolution of parameters become a specific language on which we
investigate, describe and "understand” the nonequilibrium many-particle system and the processes inside it.

"The Multiscattering-Statistical Model" reveals four parameters, which describe the nonequilibrium distribution
function:

1. The slope parameter T(M) =1/8,, .

2. Themean value of z-component of the total momentum transfer (Q,) . = Z::l<qz>m .

3. The variances of the Gaussian distribution, (o?) ~and (o7)

We can conclude that evolution of the physical parameters of "The Multiscattering-Statistical Model" elaborated in
the present paper gives a transparent insight into dynamics of the net nucleons during relativistic nucleus-nucleus
collisions. The appearance of the Gaussian distribution as a factor in the nonequilibrium distribution function of
nucleons, see for instance (7) or (8), is common for description of any multiscattering process with big but finite
number of rescatterings of the particle when every particular scattering can be regarded as independent of others. This
condition is satisfied especialy for nucleons during high energy heavy-ion collisions when the particle wave length
A =1/ p ismuch smaller then the mean distance between nucleonsin colliding nuclei.
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PHOTOPRODUCTION OF JETS AND DETERMINATION OF q;
AT LEPTON-PROTON COLLIDER HERA

V. E. Aushev, 1. M. Kadenko, D. I. Lontkovskyi, I. V. Makarenko
Taras Shevchenko National University, Kyiv, Ukraine

Recent measurements of inclusive-jet cross sections in the reaction ep— e + jet + X for small photon virtualities are
presented. Single- and double-differential cross sections measured using krjet algorithmare discussed. In addition,
extraction of values of 0,(M7) and energy-scale dependence of strong coupling constant is descibed.

1. Introduction

The study of jet production in ep collisions at HERA has been well established as a testingground of perturbative
QCD (pQCD). Jet cross sections provided precise determinationsof the strong coupling constant, o, and its scale
dependence. Jet observables in NC DIS [1] and photoproduction [2] were used as input [3] in a QCD analysis to extract
the parton distribution functions (PDFs) of the proton; these data helped to constrain the gluon density at medium- to
high-x values, where x is the fraction of the proton momentum carried by the gluon.These studies also demonstratedthat
the krcluster algorithm in the longitudinally invariant inclusive mode resultsin the smallest uncertainties in the
reconstruction of jets in ep collisions. The kralgorithm is well suited for ep collisions and yields infrared- and collinear-
safe crosssections at any order of pQCD. The results tested the performanceof these jet algorithms with data in a well
understood hadron-induced reaction and it wasshown that pQCD calculations with up to four partons in the final state
provide a gooddescription of the differences between jet algorithms.Measurements of inclusive-jet cross sections in
photoproduction are presented in thispaper.

Two types of QCD processes contribute to jet production in photoproduction;at leading order they can be separated
into [4, 5] the direct process, in which thephoton interacts directly with a parton in the proton, and the resolved process,
in whichthe photon acts as a source of partons, one of which interacts with a parton in theproton.

Single-differential inclusive-jet cross sections as functions of the jet transverseenergy, Erj, and pseudorapidity, nje,
are presented based on the kyjet algorithm [6]. In addition, measurements of cross sections are also presented as
functions of E7in differentregions of #,,, which have the potential to constrain further the gluon density at highx. Next-
to-leading-order (NLO) QCD calculations using recent parameterisations of theproton and photon PDFs are compared
to the measurements. A determination of as(Mz)as well as of its energy-scale dependence are also presented. The
analyses presented hereare based on a data sample with a more than three-fold increase in statistics with respectto the
previous study [7].

2. Experimental set-up

A detailed description of the ZEUS detector can be found elsewhere [8, 9]. A brief outline of the
componentscrusualfor this analysis is given below. The high-resolution uranium-scintillator calorimeter (CAL) [10]
consisted of three parts: the forward (FCAL), the barrel (BCAL) and the rear (RCAL) calorimeters. Each part was
subdivided transversely into towers and longitudinally into one electromagnetic section (EMC) and either one (in
RCAL) or two (in BCAL and FCAL) hadronic sections (HAC). The smallest subdivision of the calorimeter was called a
cell. The CAL energy resolutions, as measured under test-beam conditions, were o(E)/E= 0.18/ JE for electrons and

o(E)E = 035/ JE for hadrons, with E in GeV. The luminosity was measured using the Bethe-Heitler reaction
ep—yepby a luminosity detector which consisted of a lead-scintillator calorimeter [11] and an independent magnetic
spectrometer [12]. The fractional uncertainty on the measured luminosity was 1.8 %.

3. Data selection

The data were collected during the running period 2005-2007, when HERA operated with protons of energy

Ep = 920 GeV and electrons or positronsof energy Ee = 27.5 GeV, at an epcentre-of-mass energy of \ Js =318 GeV,
and correspond to an integrated luminosity of 299.9 + -5.4 pb™'. A three-level trigger system was used to select events
online [9, 13].

Events from collisions between quasi-real photons and protons were selected offline using following criteria:

e areconstructed event vertex along the Z axis within 35 cm of the nominal interaction point was required;

e cuts based on tracking information were applied to remove the contamination from beam-gas interactions,
cosmic-ray showers and beam-halo muons;

e charged current DIS events were rejected by requiring the total missing transverse momentum, prmiss, t0 be
small compared to the total transverse energy, Er o, i.€. pT,miSS/\/ET,tm<2 \GeV;

e any NC DIS event with an identified scattered-electron candidate in the CAL was rejected (in the following, the
term electron will refer to both the electron and positron, unless otherwise stated);

e the events were restricted to ypcentre-of-mass energies in the region 142 <Wp<293 GeV,where Wp = \/3 ;Y is
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the inelasticity and was estimated as y;g = (E - pz)/2E., where E is the total energy measured in the CAL and py is the
longitudinal component of the total momentum.

After these selection criteria were applied, the contamination from beam-gas interactions, cosmic-ray showers and
beam-halo muons was found to be negligible. The remaining background from NC DIS events was estimated by Monte
Carlo (MC) techniques to be around 1 % and was neglected. The contamination from charged current DIS events was
found to be even smaller. The selected sample consisted of events from ep interactions with Q*< 1 GeV?, where Q? is
the virtuality of the exchanged photon, and a median Q* ~ 10™* GeV?, estimated using MC techniques.

3.1. Jet search

In photoproduction, jets are usually defined using the transverse-energy flow in the pseudorapidity-azimuth (n - ¢)
plane of the laboratory frame. The procedure to reconstruct jets with the kralgorithm from an initial list of objects (e.g.
final-state partons, final-state hadrons or energy deposits in the calorimeter) is described below in some detail. In the
following discussion, Et; denotes the transverse energy, nithe pseudorapidity and ¢;the azimuthal angle of object i. For

each pair of objects, the quantity dj = min((ET,i)Z, (ET,J)Z) [(Mi - M2 + (9i—9;)2]/R; is calculated, where Ris the jet
radius. For each individual object, the distance to the beam, d;= (ETﬂi)z, is also calculated. If, of all the values {d;;, di},

dyis the smallest, then objects kand lare combined into a single new object. If, however, diis the smallest, then object
kis considered a jet and removed from the sample. The procedure is repeated until all objects are assigned to jets. For
the measurements presented in this paper, the jet radius Rwas set to unity and the jet variables were defined according
to the Snowmass convention. The kr jet algorithmwas used to reconstruct jets in the hadronic final state from the energy
deposits in the CAL cells. The jets reconstructed from the CAL cell energies are called calorimetric jets and the
variables associated with them are denoted by Etjetcal, Mjetca@nd @jetca-Sample of events was selected for further
analysis, which contain at least one jet satisfying Er je;ca™13 GeV and —1 <njerca<2.5.

4. Monte Carlo simulations

Samples of events were generated to determine the response of the detector to jets ofthadrons and the correction
factors necessary to obtain the hadron-level jet cross sections.In addition, these samples were used to estimate
hadronisation corrections to the NLOcalculations.The MC programs Pythia6.146 and Herwig 6.504 were used to
generateresolved and direct photoproduction events. Samples of Pythia including multiparton interactions (Pythia-MI)
with a minimum transverse momentum for the secondary scatter, pPrsecmin, Of 1, 1.5 012 GeV were used to simulate
contributions from non-perturbative effects not related tohadronisation (NP), such as the underlying event. All the
samples of generated eventswere passed through the Geant 3.21-based ZEUS detector- and trigger-simulationprograms.
They were reconstructed and analysed by the same program chain as thedata. The jet search was performed on the MC
events using the energy measured in the CALcells as described in Section 3. In addition, the jet algorithm was also
appliedto the final-state particles (hadron level) and partons (parton level).

5. Results

Single- and double-differential inclusive-jet cross sections were measured in the kinematic region given by
Q’< 1 GeV’and 142 <Wp<293 GeV. These cross sections include every jet of hadrons with Erjer>13 GeV and

-1 <n;er<2.5 in each event. The x region covered by the measurements was determined to be 3 107°<x< 0.95.

5.1. Single-differential cross sections

The measurements of the single-differential cross sections based on the kr jet algorithmas functions of Er je; and e
are presented in Fig. 1. The measured do/dEr e falls by over four orders of magnitude in the measured range. The
measured do/dnje; displays a maximum around njer 1.

The NLO QCD predictions are compared to the measurements in these Figures. The calculation reproduces the
measured do/dEr je; well. The measured do/dnje; is well described for nje;. <2; however, an excess of data with respect to
the theory is observed for larger nje: values. Such discrepancies have already been observed in previous studies of jet
photoproduction [14, 15].The influence of non-perturbative effects not related to hadronisation in the predictions was
investigated by using the NLOQNP QCD calculations. The comparison of these calculations to the data is shown in
Fig. 2.
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the krjet algorithm for inclusive-jet photoproduction. Other details as in the caption to Fig. 1, a.
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It is observed that the NLO®NP QCD calculations predict a larger jet rate at low Erjeand high nje;, in the region
where the NLO QCD prediction fails to describe the data. The NLOQNP QCD prediction with prsecmin = 1.5 GeV is
closest to the data. These observations indicate the possible presence of effects such as the underlying event in the data,
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which are not included in the NLO QCD calculation. These non-perturbative contributions are expected to be unrelated
to the hard scattering and approximately constant with the scale of the interaction, so that the ratio of this non-
perturbative contribution to the jet transverse energy becomes smaller as Erj increases, as seen in Fig. 2, a. This is
supported by the good description of the data by the NLO QCD calculation for Erje=> 21 GeV (see Fig. 2, a) and by the
inclusive-jet cross section as a function of njefor Eqjee> 21 GeV (Fig. 3, a): the NLO QCD calculation gives a good
description of the data in the whole measured range; in particular, discrepancies between data and theory are no longer
observed at high values of 1. In addition, the differences between the NLOQNP predictions with different proecmin
values become smaller, as seen in Fig. 3, b.
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Fig. 3. The measured differential cross-section do/dnje based on the kqjet algorithm for inclusive-jet photoproduction
with Epjee> 21 GeV (dots). In (b), the NLO QCD calculations including an estimation of non-perturbative effects (see
text) are also shown. Other details as in the caption to Fig. 1, a.
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Fig. 4. The measured differential cross-sections (@) do/dEr e and (b) do/dnjebased on the kT krjet algorithm for
inclusive-jet photoproduction with Erje>17 GeV and —1 <nje; <2.5(dots). For comparison, the NLO QCD calculations
using different parameterisations of the photon PDFs are also shown. Other details as in the caption to Fig. 1, a
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The influence of the poorly constrained photon PDFs on the predictions was investigated by comparing calculations
based on different PDF sets to the data. Fig. 4 shows the measurements together with the NLO QCD predictions using
alternatively the AFG04 and CJK sets of photon PDFs, together with the predictions based on the GRV-HO set. Some
differences are observed between the three predictions, especially at low Erje; and high nje;. In particular, the predictions
based on AFG04 (CJK) are lower (higher) than those based on GRV-HO.
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Fig. 5. The measured differential cross-sections (a) do/dErje; and (b) do/dnjebased on the kyjet algorithm for inclusive-
jet photoproduction with Egjee>17 GeV and —1 <nje; <2.5 (dots). For comparison, the NLO QCD calculations using
different parameterisations of the proton PDFs are also shown. Other details as in the caption to Fig. 1, a.

The influence of the proton PDFs on the predictions was investigated by comparing calculations based on different
PDF sets to the data. Fig. 5 shows the measurements together with the NLO QCD predictions using alternatively the
MSTWO08 and HERAPDF1.5 sets of proton PDFs, together with the predictions based on the ZEUS-S set. The
prediction based on HERAPDF1.5 is lower than that based on the ZEUS-S set in most of the phase space, whereas the
MSTWOS8 prediction is higher at high Erj. This region of phase space is not well constrained since the main
contribution comes from the high-x gluon density in the proton. In summary, the measurements of inclusive-jet cross
sections in photoproduction have the potential to constrain the proton and the photon PDFs. To study in more detail the
sensitivity of the inclusive-jet cross sections to the proton and photon PDFs and findthe regions of phase space in which
the data can add information to constrain further these PDFs, double-differential cross sections were measured and are
presented in the next section.

5.2. Double-differential cross sections

The measurements of the inclusive-jet cross sections based on the kyjet algorithm as functions of Erjdn different
regions of e are presented in Fig. 6, a. The measured cross sections exhibit a steep fall-off within the Erj range
considered. The Erj; dependence of the cross section becomes less steep as nje; increases. The NLO QCD predictions
are compared to the measurements in Fig. 6, a. They give a good description of the data, except at low Erj; and high
Niet- Fig. 6, b shows the relative difference of the measured differential cross sections to the NLO QCD calculations.

The data are well described by the predictions for -1 <nje<2.5 in the whole Erj; range measured. For the region
2<m;er<2.5, where it is observed that non-perturbative effects not related to hadronisation might contribute significantly,
the data are well described only for Erje>> 21 GeV. In the regions, in which the gluon-induced contribution is substantial
and the possible presence of non-perturbative effects is expected to be minimised, the data have the potential to
constrain the gluon density in the proton. Therefore, these high-precision measurements also have the potential to
constrain the photon PDFs in these regions of phase space.

5.3. Determination of ay(Mz)

The measured single-differential cross-sections do/dEr je; based on the three jet algorithms were used to determine
values of o4(Mz)using the method presented in [1]. Only the measurements for Eri> 21 GeV were used in the
procedure to minimise the effects of a possible non-perturbative contribution in addition to that of hadronisation and the
uncertainty coming from higher orders. The fit was restricted to Erje< 71 GeV because of the relatively large
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Fig.6. a — The measured differential cross-sections do/dErj based on the krjet algorithm for inclusive-jet
photoproduction with Erje>17 GeV in different regions of e (dots). b — The relative differences between the measured
differential cross-sections do/dEr je; presented in Fig. 6, a and the NLO QCD calculations (dots). The relative differences
between the predictions based on different photon PDFs and that based on the ZEUS-S/GRV-HO sets are also shown.

uncertainty coming from the proton PDFs for higher Erj, values. The experimental uncertainties on the extracted values
of os(Mz) were evaluated by repeating the analysis for each systematic check. The overall normalisation uncertainty
from the luminosity determination was also included. The largest contribution comes from the uncertainty in the
absolute jet energy scale. The largest contribution arises from the terms beyond NLO, which was estimated by using the
method of Jones et al. [16]. The uncertainty due to the photon PDFs is of the same order as that arising from higher
orders. The uncertainty due to the proton PDFs and that arising from the hadronisation effects were also estimated.The
value of ay(My) obtained from the measured do/dEr qis
0, (M) =0.1206'553 (exp.) ' . (1)

This determinationis consistent with previous determinations in NC DIS at HERA, with the results obtained in proton-
antiproton collisions and have a precision comparable to those obtained in individual determinations from e'e

experiments. These values are also consistent with the world average, as well as with the HERA 2004 average and the
HERA 2007 combined value.

5.4. Energy-scale dependence of a;

The energy-scale dependence of ay was determined from a NLO QCD fit to the measured do/dEr cross section.
Values of as were extracted at each mean value of measured Erj; without assuming the running of ;. The method
employed was the same as above, but parameterising the o, dependence of do/dEr in terms of o4(<Erj~>) instead of
as(Myz), where <Erje>1 is the average Erj; of the data in each bin. The extracted values of as as a function of Erje are
shown in Fig. 7.

otr ZEUS
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0.16 | [/ corr. exp. the analysis of themeasured do/dEr je; cross section based
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0.15 [ uncorrelated experimental uncertainties; the shaded area
FY represents the correlated experimental uncertainties and
0.14 - the hatched area represents the correlated experimental
and theoretical uncertainties added in quadrature. The
s - solid line indicates the renormalisation-group prediction at
o1zt I ‘ two loops obtained from the corresponding a, (M) value

30 40 50 ., " determined in this analysis.
E'; (GeV)
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The data demonstrate the running of o, over a large range in Erj. from a single experiment. The predicted running of
the strong coupling calculated at two loops is in good agreement with the data.

6. Summary and conclusions

Measurements of differential cross sections for inclusive-jet photoproduction at a centre-ofmassenergy of 318 GeV
using an integrated luminosity of 300 pb ™' collected by the ZEUSdetector have been presented. The cross sections refer
to jets of hadrons of Erjec>17 GeV and -1 <ni<2.5 identified in the laboratory frame with the kr jetalgorithm with jet
radius R = 1. The cross sections are given in the kinematic region of Q°< 1 GeV* and 142 <Wp<293 GeV.

Measurements of single-differential cross sections were presented as functions of Erje and njed. The NLO QCD
calculations provide a good description of the measured cross sections, except at high njet. Non-perturbative effects not
related to hadronisation and the influenceof the photon PDFs were found to be most significant in this region.Extracted
value of oy is in good agreement with the world and HERA averages. The extracted valuesof a as a function of Erje, are
in good agreement with the predicted running of the strongcoupling over a large range in Eje.
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The production of ground state vector mesons, V = p, o, @, JAy,Y, has been extensively studied at ep collider. Latest
results were obtained from the study of two pion exclusive electroproduction in the mass range 0.4 <M, < 2.5 GeV using
82 pb ! of integrated luminosity collected during 1998 - 2000 on ep collider with center-of-mass energy 318 GeV. The
analysis was carried out in the kinematic range of 2 < Q* < 80 GeV?, 32 < W < 180 GeV and |t| < 0.6 GeV>. The two-pion
invariant mass distribution is interpreted in terms of the pion electromagnetic form factor, |F(M,,)|, assuming that the
studied mass range includes the contributions of the p, p' and p" vector meson states. The masses and widths of resonances
are obtained and subsequently the Q* dependence of the cross-section ratios o(p' — m)/a(p) and o(p" — mn)/o(p) was
extracted. The pion form factor obtained in the present analysis is compared to that obtained ine’'e” —» n'nm .

1. Introduction

Exclusive electroproduction of vector mesons, y p — Vp, at large centre-of-mass energy, W, and large y" virtuality,
Q2 is usually viewed as a three-step process: the virtual photon y" fluctuates into a qq pair which then interacts with the
proton through a two gluon ladder and hadronizes into a vector meson, V. The production of ground state vector
mesons, V = p, ®, ¢, Jy,Y , which are 18 triplet qq states, has been extensively studied at ep collider, paritcularly in
several recent publications [1-4]. It was found that the process becomes hard with the increase of the photon virtuality
Q? and can be described in perturbative Quantum Chromodynamics (pQCD).

Few main results in vector-mesons study were obtained: cross-sections have been measured as a function of W, Q*
and t, also effective pomeron trajectory has been obtained. Also, helicity structure have been measured through the
angular distributions of the decay particles. The extracted spin-density matrix elements strongly support the hypothesis
of s-channel helicity conservation [1 - 4].

The y(2S) state is the only radially excited 2S triplet qq state studied so far has [4]. In this study only the
photoproduction reaction was investigated and the low cross-section ration of y(2S) to the ground-state J/y supported
the existance of a suppression effect, expected if a node in the y(2S) wave-function is present.

Other excited vector-meson states, in particular those consisting of light quarks, can be used to study the effect
caused by changing the scanning size. The n'm mass distribution shows a complex structure in the mass range of
1 - 2 GeV [5]. Evidence for two excited vector-meson states has been established; the p' (1450) is assumed to be
predominantly a radially excited 2S state and the p"(1700) is an orbitally excited 2D state, with some mixture of the S
and D waves. In addition, there is also the p;(1690) spin 3 meson which has a mn decay mode. These resonances can be
studied through their two-pion decay mode, related to the pion electromagnetlc form factor, Fr(Mnn) [6].

The study of exclusive electroproductlon of two pions, Yp — m'm, is presented in two-pion mass range
0.4< M, <2.5 GeV, in the kinematic range 2< Q*<80 GeV?, 32< W < 180 GeV and |t/ < 0.6 GeV™.

The analyzed data were collected at the ep collider in the years 1998 - 2000, when 920 GeV protons collided with
27.5 GeV electrons or positrons with center-of-mass energy 318 GeV. The sample used for this study corresponds to
81.7 pb'.Details of data selection and reconstruction can be found in [7].

2. The nr mass fit

The n'n mass distribution, after acceptance correction, is shown in Fig. 1. A clear peak is seen in the p mass range.
A small shoulder is apparent around 1.3 GeV and a secondary peak at about 1.8 GeV.
The two pion invariant mass distribution was fitted as a sum of two terms,

%Ajﬂ”) A(l—ﬁfj{(Fn(Mm)(z*B[z\Ajo ” v

fizd nn

where A is an overall normalization constant and M;, is the pion mass. The second term is a parameterization of the non-
resonant background with constant parameters B, n and My = 1 GeV. The other parameters (the masses and widths of
the resonances and their relative contributions  and y) enter through the pion form factor F,. The fit, which includes 11
parameters, gives a good description of the data (y*/ndf = 28.8/24 = 1.2). The result of the fit is shown in Fig. 1 together
with the contribution of each of the two terms of Eq. (1). The p and the p" signals are clearly visible. The negative
interference between all the resonances results in the p' signal to appear as a shoulder. For better illustration of these
phenomena, the data is shown in Fig. 2 in linear scale and limited to M., > 1.2 GeV, with separate contribution of the
background, three resonant amplitudes as well as their total interference term. The fit parameters are listed in Table 1.
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Fig. 1. The two-pion invariant-mass distribution, M,;:
N, — the acceptance-corrected number of events in each
bin of 60 MeV; dots — the data; solid line — the result of
a fit using the Kuhn - Santamaria parameterization;
dashed line — the result of the pion form factor
normalized to the data; the dash-dotted line — the
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Fig. 2. The two-pion invariant-mass distribution, M,;:
N, — the acceptance-corrected number of events in each
bin of 60 MeV; dots — the data; solid line — Kuhn -
Santamaria parameterization fit. The contributions of
the three resonances p, p' and p" are shown as dashed,
dash-dotted and dotted lines, respectively. The sum of
their interferences is shown by the long-dash-dotted
line; sparse dotted line — the background.

Table 1. Fit parameters obtained using F,(M,,) parameterization.
The first uncertainty is statistical, the second one — systematic.
Also the masses and widths from PDG are shown

FParameter LFEUS PDG
M, (MWleV) TTL 4 242 TT5.4040.34
r, (Mel) 155 +56+2 140.14+0.8
a —0.27 &+ 0.02 4+ 0.02

My (WleV) 1350 4 202 1465425
T (WeV) 460 4+ 3011 AD06G0
. 0.10 =4 0.02 002

M (MeV) 1780 + 2004, 172020
Cpre (NeV) 310 4 30122 2504100
B 0.41 = 0.03 + 0.07

n 1.30 4 0061515

The negative value of B and positive value of y implies that the relative signs of the amplitudes of the three
resonances p, p' and p" is +,—,+, respectively. A similar pattern was observed in e'e — m'm and t-decay experiments
[8 - 11], which also showed a dip in the mass range around 1.6 GeV, resulting from destructive interference. There is a
single experiment where a constructive interference was obtained around 1.6 GeV, namely yp—pn'7 , a result which is
not understood.

3. Q* dependence of the pion form factor

The Q? dependence of the relative amplitudes was determined by performing the fit to My, in three Q” regions, 2 - 5,
5-10and 10 - 80 GeV>. The masses and widths of the three resonances were fixed to the values found in the overall fit
and listed in Table 1. The results are shown in Fig. 3. A reasonable description of the data is achieved in all three Q’
regions.

The corresponding values of B and y are given in Table 2. The absolute value of B increases with Q” while the value
of y is consistent with no Q* dependence, within large uncertainties.
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Table 2. The Q* dependence of the f and Y parameters.
Masses and widths are fixed to the values given in Table 1.
The first uncertainty is statistical, the second one — systematic

(Q*(GeV?) 25 5-10 10-80
i —0.249 £ 000811 1Hs | —0.282 £ 0.008 1% | —0.35 £ 0.02 £ 0.01
- 0.100 £ 0.009 £ 0.003 | 0.008 £ 00127555 | 0.118 £ 0,022 5555
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Fig. 4. The square of the pion form factor |F,* as a
function of the ©'m invariant mass, M,,, as obtained from
the reaction e'e’ — n'mw [5, 10], shaded bands: crossed
lines — the pion form factor squared obtained in the
present analysis within Q* 2 - 5 GeV?; horizontal lines —
5-10 GeV* and vertical lines — 10 - 80 GeV>.
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the present analysis within Q*: 2 - 5 GeV?; horizontal lines
—5-10 GeV” and vertical lines — 10 - 80 GeV>.



The |Fx(My)|* obtained from the reaction e'e — n'n_ is shown in Fig. 4. It is also shown the curves representing the
pion form factor as obtained in the present analysis for the three Q” ranges: 2—5, 5-10, 10-80 GeV”. In general, the
features of the [Fx(M,,)|* distribution observed here are also observed in e’e’, i.e., the prominent p peak, a shoulder
around the p' and a dip followed by an enhancement in the p" region. Above the p region, where the interference
between the p' and the p" start to dominate, we observe a Q” evolution which bring the lowest Q” range results from the
present analysis close to those of ¢’e . However, in the p peak reagion, shown in Fig. 5, the pion form factor |Fx(My)|*
is highest at the highest Q? value, like in the p'-p" interference region, while the e’e” data are higher than the highest Q’
range. They are equal within errors for M, > 1.8 GeV.

4. Cross-section ratios as a function of Q*

The nxt branching ratios of p' and p" are poorly known. Therefore we study here the ratio Ry defined as

R _o(V) Br(V - mm) ’ @)

a(p)

where o is the cross section for vector meson production and Br(V — zm) is the branching ratio of the vector meson V
(p', p") into mw. The ratio Ry may be directly determined from the results of the M, mass fit,

I, I,

R =p"—L R, =y, (3)
P Ip [ Ip
1, =[am, BW M, , )

and the integration is carried out over the range 2M,; < M, <My + 5Ty .
Fig. 6 shows and Table 3 lists the ratio Ry for V= p', p" , as a function of Q°.
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Fig. 6. The ratio Ry as a function of Q” for V = p' (full circles) and p" (open squares). The inner error bars indicate the
statistical uncertainty, the outer error bars represent the statistical and systematic uncertainty added in quadrature.

Table 3. The dependence of the Q* value on the ratio Ry for V= p' and p'".
The first uncertainty is statistical, the second one — systematic

()2 GeV?) 2-5 510 1080
R, 0.06340.006 £ 0.004 | 0.081£0.007 0005 [ 0.12240.008 057
B 0.02740.006 20001 0.026+0.006 &+ 0.003 | 0.039+0.010* 002

One can clearly state that the value of R, increases with Q. This rise has been predicted by several models. The
suppression of the 2S state (p') is connected to a node effect which results in cancellations of contributions from
different impact parameter regions at lower Q* value, while at higher value of Q? the effect of cancellation vanishes.
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5. Summary

Exclusive two pion electroproduction has been studied in the mass range 0.4 < M, < 2.5 GeV, 2 < Q*> < 80 GeV~,

32 <W <180 GeV and [t < 0.6 GeV>.

The mass distribution is well described by the pion electromagnetic form factor which includes three resonances, p,

p'(1450) and p"(1700).

A Q7 dependence of |[Fx(M,,)|* is observed, visible in particular in the interference region between p' and p". The

electromagnetic pion form factor obtained from the present analysis is lower (higher) than the one obtained from
e'e »n'm for My <1GeV (1 <M, < 1.8 GeV). They are equal within errors for M, > 1.8 GeV.

The Q? dependence of cross section ratios R, = o(p' — nn)/o(p) and R, = o(p" — mm)/o(p), has been studied. The

ratio R;; rises strongly with Q’, as expected in QCD-inspired models in which the wave-function of the vector meson is
calculated within the constituent quark model, which allows the presence of the nodes in the wave-function.

10.

11.
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INFLUENCE OF TUBULAR INITIAL CONDITIONS ON PION SPECTRA IN A+A COLLISIONS
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!Ingtitute for Nuclear Research, National Academy of Sciences of Ukraine, Kyiv, Ukraine
2M. M. Bogolyubov Institute for Theoretical Physics, National Academy of Sciences of Ukraine, Kyiv, Ukraine

The long-range structure of two-particle angular correlation functions is modified significantly by the presence of
sharp inhomogeneities in a hot and dense matter formed in relativistic heavy ion collisions. It has been argued that the
ridge phenomenon observed in two-particle angular correlations in relativistic A + A collisions is rooted probably in the
initial conditions (IC) of the thermal evolution of the system. The aim of this study is to analyze the IC of the system
leading to the ridge structures. As motivated by the glasma-flux-tube scenario, the IC were modeled by the sets of
different number of high energy-density tube-like fluctuations with longitudinally homogeneous structure within some
space-rapidity region in a boost-invariant 2D geometry. The influence of a fluctuating bumping structure of the IC on
bulk observables and the collective evolution of matter created in A+A collisions in the frameworks of the Hydro-
Kinetic Model (HKM) is investigated. The description of spectra with the 2+1 HKM, which allows describing all the
stages of the system evolution as well as a formation of the particle momentum at the decoupling stage is done with
inclusion of tubular IC. Its impact on the transverse pion spectra, integrated spectra and the flows is analyzed.

Introduction

The structure and properties of the matter under extremely hot and/or dense conditions are of fundamental interest
and provide unique environments for studying the strongest force of Nature. The hot deconfined matter, the so-called
quark-gluon plasma (QGP), was part of the history for cosmic evolution after the Big Bang and has now been created
via relativistic heavy ion collisions (the “Little Bang™) and explored in laboratory experiments at the Relativistic Heavy
Ion Collider (RHIC) and the Large Hadron Collider (LHC). Correlations and fluctuations are an invaluable tool for
probing the dynamics of heavy-ion collisions. Data from the experiments at RHIC revealed interesting features in the
two-particle correlation landscape [1 - 4]. Specifically, an excess of correlated particles are observed in a narrow
“ridge” near Ap = 0 and the away side peak at Ap = m, that was firstly measured in the relativistic heavy-ion collisions
by the STAR collaboration [1]. The discovery of the ridge has provoked a lot of theoretical analyses. Early models of
the “soft” or untriggered ridge formation proposed at times strikingly different explanations. The novel observation of
Alver and Roland that the correlations arising from geometrical fluctuations result in odd flow harmonics such as
triangular flow, v;, suggests that v; , together with flow harmonics of all higher orders, explains this excess [5]. It has
recently been shown in measurements [6 - 9] and demonstrated in various modelings [10 - 12] that there are fairly
strong fluctuations in the initial matter profile from event to event. Such fluctuations contain various higher order
harmonics in azimuthal angle ~ cos(ng). In the collective expansion of the bulk matter, these fluctuations lead to
observed harmonic flows up to about n = 6 and explain the soft di-hadron azimuthal correlations (the “soft-ridge”).
This suggests that what were formerly thought to be indications of jet-medium interactions may well result simply from
the presence of higher-order flow harmonics, arising through a combination of nucleon position fluctuations and
viscous effects.

If the ”soft ridge” structure is caused by the peculiarities of the bulk matter, then the explanations based on the
hydrodynamics models of A + A collisions are to the point. During more than 50 years the hydrodynamic models were
based on the smooth initial energy density profiles (see, e.g. [13, 14] for the ridge problem). However, it has been
shown that fluctuations in the positions of nucleons within the colliding nuclei may lead to significant deviations from
the smooth profiles event-by-event [15]. They result in lumpy IC which has no particular symmetry, and this lumpiness
should be taken into account in fluid dynamical calculations [16 - 19]. More precisely, one should calculate the
azimuthal distribution for each initial condition, then average over IC.

It was proposed in [20] to study the possible typical (or “representative”) configuration of initial fluctuations which
are already maximally symmetric in the azimuthal plane, instead of averaging the result over many fluctuations. It was
found that for the different initial energy-density configurations, the effect of the initial bumping-like fluctuations is not
washed out during the system expansion and preserve in the final energy density of hadronic matter [21, 22]. To test the
influence of this effect on the observed particle spectra and appearance of the ridge structure, this paper examines the
angular dependence of the particle (pion) spectra for such IC. For this purpose we use the Hydro-Kinetic Model (HKM)
[23] which incorporates description of all the stages of the system evolution as well as a formation of the particle
momentum at the decoupling stage, with longitudinally homogeneous and a transversally bumping IC. To highlight the
role of pure fluctuations, we limit our study in the present paper only by the most central collisions, and to be specific
we do calculations for RHIC /s =200 GeV collisions. Unlike to non-central collisions with strong anisotropy already
in the average geometry and dominated by the 2nd harmonics, in the perfectly central collisions (b = 0) the average
background geometry is isotropic and the anisotropy from various harmonic fluctuations will be best manifested.
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M ethods, results and discussion

In this section the results obtained by numerical calculations on the basis of the 2 + 1 HKM that includes the
transversally bumping tube-like IC with the aim to study how the initial fluctuations in the energy density distribution
affect the spectra are presented and discussed. For the sake of simplicity, the emission of the only one kind of particles
(negative pions, ') from the expanding fireball is considered. The analysis is based on the Boltzmann equations of the
hydrodynamic approach to relativistic nucleus-nucleus (A + A) collisions. It is consistent with the conservation laws
and accounts for the opacity effects. We use Bjorken-type IC of quasi-inertial flow at proper time: boost-invariance of
the system in the longitudinal z-direction and zero initial longitudinal flow without transverse collective expansion in
Xy-plane. The hydrodynamic evolution starts at the time T, = 0.2 fim/c. Two types of initial configurations were

examined. The first one corresponds to the smooth Gaussian profile with a radius R and energy density E as was
considered in [23]. The second type of initial scenarios is based on bumping tube-like initial fluctuations at t,. These

tubes are rather thin transversally and relatively long in the direction of beam axis, with the transverse (gaussian) radii &
in the energy density E. The general initial energy-density distribution E at 1, is given by

E= Ebexp{— X2;2y2}+zt:Eiexp|:_(X—)§) ;z(y_yi) :|’ )

where R = x>+ y? are the positions of the fluctuation locations and N, is the number of tubes mentioned above. E, is

the maximum value of the average energy-density distribution while E; are the values of energy density maxima of the
tube-like fluctuations.

The calculations with following parameters of the tube-like IC were performed:

The configuration without fluctuation: distribution of initial energy density corresponds to the Gauss distribution
with R = 5,4 fm and maximum energy density at r = 0 is E, = 90 GeV/fim’;

The configuration with one tube shifted from the center: E, = 90 Gev/fm®; R=5,4 fm; Ey = 270 GeV/fm’; Ry =3 fm
and 5.6 fm; a; = 1 fm (Fig. 1, a).

The configuration with four tubes (fluctuations): E, = 85 GeV/fm’; R = 5.4 fm; E; = 250 GeV/fm’; R = 5,6 fm;
a;= 1 fm [24] (Fig. 1, b).

The configuration with ten tubes (fluctuations): E, = 25 GeV/fm*; R= 5.4 fm; Ry = 0 fm; Rizs =28 fm; Rj>3 =
=47 fm; a;= 1 fm; E, = 4E,exp(-R’/R’) (Fig. 1, ¢).

[EGuy). tau = 020 &(t), 0] = 0.200000 fm/c_|

Fig. 1. 3D plots of energy density profiles with tube-like IC for T = 0.2 fm/c:
a- 1 displaced tube; b - 4 tubes; ¢ - 10 tubes.

The chemical freeze-out hyper-surface at the

T =165 MeV that corresponds to the end of chemically
and thermally equilibrated evolution and start of the hydro-
kinetic stage of A+A collision process is presented in the
Fig. 2 for the case 1 a). One can see that the fluctuation in
initial distribution leads to the appearance of concavity in
corresponding to the fluctuation location on freeze-out
hyper-surface.

As it was shown in [25] there is a significant impact of
particle emission from the boundary surface of the hot and
dense system formed in the high energy heavy ion

Fig. 2. The chemical freeze-out hypersurface t (x, y) at  collisions on the observed spectra. To calculate spectra the

the T = 165 MeV for one displaced tube at 3 fm with the ~ Yield of particles from volume and surface parts of the
field of velocities. chemical freeze-out hyper-surface were taken into account.
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For all the considered sets of tubes the traces of the initial fluctuations (the bumping final energy distributions)
remain after the system evolution and lead to a non-trivial structures in observed spectra. The corresponding
pronounced peaks could be seen in the calculated pion spectra (also see [24]). In Fig. 3 the comparison between
different cases of the initial energy-density distribution for integrated spectra is presented. The upper lines (black) at the
Figures correspond to the integration for pr > 0.9 GeV and grey one to - pr > 2.5 GeV.

Red - (9T > 0.9 GaV), Bive - (3T » 2.5 GeV + 400)

| N

B

a b

Red — (pT > 0.9 Gav), Btz — (T > 2.5 Gav = 200)

i ohi

c d

Fig. 3. The black line corresponds to the integration for pr> 0.9 GeV and grey one to - pr > 2.5 GeV for:
a- 1 displaced tube at 3 fmm; b - 1 displaced tube at 5.6; € - 4 tubes; d - 10 tubes.

As expected, the azimuthal dependencies of pion spectra have shown the remnants of bumping structures in IC
especially pronounced for the case of 4 tube-like fluctuations for the medium transversal momenta. As shown in Fig. 3
the results demonstrate that if one particle with relatively large pr is triggered, most probably, its azimuthal direction
will correspond to one of the peaks in the distributions dN/de. Then, as follows from dN/d¢ distribution, the probability
to find the second particle with the same or smaller transverse momentum will be maximal in a narrow range A¢ near
this peak. Inclusive correlations between the triggered particle and particle corresponding to other peaks will be
relatively weak since these peaks will change from the event to the event of their angular location as for the “triggered
peak”. It happens because the fluctuations in the bumping structure will washed out the two particle correlations in the
inclusive spectra. This is the mechanism of the formation of the so called “soft ridges”.

Conclusions

In contrast to the traditional hydrodynamic description of the relativistic nuclear collisions with smooth IC, the
transversally bumping tube-like fluctuations in the initial energy-density distributions are considered with the aim to
study the influence of its presence on the pion spectra and ridge formation. These very dense color-field flux tubes are
formed at a very initial stage of the nucleus-nucleus collision leftovers. It was found that the presence of transversally
bumping tube-like fluctuations in IC strongly affects the hydrodynamic evolution and leads to emergence of
conspicuous structures in azimuthal distributions of the pion spectra pronounced especially for the medium transverse
momenta. As the result, the hydrodynamic mechanism of the “soft ridges” formation becomes sufficiently plausible. To
constrain the IC for hydrodynamic expansion in A + A collisions and to study of two-particle correlations a further
systematic analysis within the HKM is needed.
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COMPARISON OF DIGITAL METHODS FOR STORAGE, SORTING AND DISPLAYING
OF THE SPECTROMETRIC INFORMATION
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Yu. M. Pavlenko, O. 1. Runddl, A.F. Sharov
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During ten years at the Kyiv tandem EGP-10K beam of accelerated hydrogen ions was used extensively in the
inclusive and exclusive experiments with scattering and nuclear reactions on different nuclei. Charged particles
(protons, deuterons, ‘He), y-quanta and neutrons were registered in the outgoing channels of the studied nuclear
processes. This required to use of different methods of radiation spectrometry. The most used (AE x E)-method for
spectrometry of charged particles and the time-of-flight method for registration and the separation of neutrons and y-
rays. The current need of the algorithm universalization for measurement and data processing was led to the
development, installation and use of computerized multiparameter setup that was used successfully in this time in the
beam experiments. This paper discusses the results of the facility modernization in accordance with the development of
digital technology, above all, communication devices for measuring apparatus and control computer, and related
changes and improves of the operating systems and software for data processing.

1. Introduction

The authors have long experience of preparing and using various methods for the spectrometry analysis of the
nuclear interaction products in inclusive and exclusive experiments with of the low energy accelerator beams [1 - 4].
Many years ago the possibility of such methods to register and accumulate the experimental data was limited on very
small volumes of "memory" devices and accompanying devices - from counters and analyzers to disk drives of the
small electronic computers. This required developing of the complex and bulky electronic equipment for pre-selection
and sorting signals from using detectors. But this in turn was one of the driving levers of the digital technology
revolutions, which helped improve the quality of the nuclear-physics experiments due to miniaturization,
multichannelity, manyparametries of measuring collect data systems. These processes are closely associated with
computerization support nuclear-physical experiments based on its hardware unification and soft universalization for
the accumulation and sorting of data and processing and analyzing the results. In this paper, we are talking about using
of the any interface instrumentations with control computer and comparison of the some base characteristics and their
impact on the quality of the experiment and results.

2. Experimental procedure
2.1. Measuring methods

The aim of this work was to compare the performance capabilities, characteristics and their impact on the results for
several variants used systems of accumulation. A telescope of two silicon semiconductor detectors of charged particles
was used as a radiation detector. It consisted of AE-detector with 18 microns thick and E-detector thickness of
200 microns. Traditional block diagram for processing signals of the detector consists of two "lines" of electronic
blocks, each of which includes a preamplifier, main amplifier and a differential discriminator for adjusting of the up and
down levels of signal registration from each detector. There are organized the "slow" (within microseconds) pulses
coincidences as letting signal (strobe) for linear "gate", which provide two-parameter identification of the registered
charged particle variety with simultaneous determination of its energy. These three signals - two analog, as a amplitude
range for energy spectrum of registered particles and one logical (in this case — from the slow coincidence circuit)
which can be as detector number (in this case - the telescope) or the coincidence range (double, triple...) — are entering
and digitizing in CAMAC-crate, and then are sent to the administrator computer to collect statistical information (with
the possible pre-visualization in the on-line control of initial measurement conditions). There is using after
measurement stopping the off-line sorting of an all final volume of accumulated information and its subsequent
processing and analysis by using of the chosen algorithm. Those options for communication of the recording electronics
and a control computer were compared in this paper.

CAMAC-crate controller FK4410-1 (Vilnius) was used most widely in experiments on the accelerator beams at the
Institute for Nuclear Research in last time. This is combined with a control computer by through connection fee, which
was designed and manufactured in our institute. It should be recalled that originally the all referred equipment was used
in measuring-computing complex based on small computer machines: M6000, CM-2, -4, -1420 - Soviet counterpart of
the famous PDP-brand. And then the algorithm and appropriate ASSEMBLER-software have been developed for
support of the universal multichannel measuring techniques, which used for accumulation of the multiparameter
spectrometric information on the variety and energy products, which are registered the study of nuclear interactions.
Objectively, this was a necessary transitional stage for widespread use of new generation of digital technology -
personal computers.
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Fig. 2. Single USB-ADC.

Gained previous experience has sufficiently quickly
used with new technology. Existing software, primarily
interfaces for control of the experiment and processing of
collected data, were processed under DOS-shell [5].
There was using namely this technique to provide
support experiments on the accelerator beam for over ten
years. This Figure illustrates the hardware components of
the measuring complex: in Fig.1l,a — low level
equipment for receiving and processing pulses from
working detectors and in Fig. 1,5 — blocks in the
standard CAMAC for digitizing and connection with
managing personal computer.

Explosive development of digital technology and
computers, "unlimited" speed and memory resources, the
objective necessity of universalization and even
informational and methodological globalization require
continuous "tracking" and modernization of using
methods. In our case, it was could to realize the transition
to computer-support the above mentioned measuring
methods under modern Windows-shell based on new
digital devices. For logic statement must begin with a
new CAMAC-crate controller CC02 [6]. This device,
which was developed at the Kharkov National
University, provides the accumulation of digitized analog
information in the 4096 channels range. Control interface

Fig. 3. Two-parameter ADC controller. is designed and operates under the Windows-shell by
using common software package National Instruments LabVIEW. The exit file after processing under Compaq Fortran
converted to text format, suitable for processing in standard packages (Excel, Origin, etc.). The results with CC02
controller were shown in previous work [7]. The following steps have been taken already on modernizing the system of
accumulation. Through information available in the global network it was found ready spectrometric analog-digital
converter on 4096 channels with USB bus powered (4L-SATSP-USB), which connected through USB-port into a
personal computer. With added software (driver ADC and convenient "friendly" interface), this small device weight of
300 g (Fig. 2) completely replaces the above installation (see Fig. 1) in using for the accumulation of one-dimensional
spectra. Finally, a decisive step to «Windows»-modernization of multiparameter accumulation technique now was
made. We launched in collaboration with Dubna colleagues two-parameter ADC controller (pci2_mlk), which through
PCI card slot is compatible with PC under the chosen version of Windows. This PCI card (“a” in Fig. 3) has three
LEMO-inputs (“b” Fig. 3) for two spectral signals and one for control signals (strobe). So just this device could used to
above without cumbersome intermediate equipment.

Within the preparing frame-up to measurements on the beam accelerator were carried out measuring of the ***Ra-
decay a-particles spectra with (AE x E)-telescope of two silicon detectors in one- and two-dimensional mode using new
devices, when running together with the accumulation on the traditional measuring installation (let us use for it the
name “DOS-acquisition”).
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2.2. Results and discussion

In Fig. 4 shows a screen-shot measurement interface, which running in the method DOS-acquisition. It is given the
number parameters (ADC) from 1 to 5, the code (number) detector or a combination of the registrated coincidences,
options of visualization for collected data, and last, number of parameter (specific range) in one-dimensional variant
(Fig. 5) or two for two-dimensional imaging mode (Fig. 6). File results after sorting and processing in the off-line mode
the accumulated statistics special DOS-program reformats a text file, suitable for common applications handling
numeric arrays - Excel, Origin, etc.

FLO-ex1t F2-Save Setup F3-start
Fé-pause F2-visual 1+1

Fig. 4. Measurement interface Fig. 5. Data visualization in one-dimensional variant.
in the method DOS-acquisition.

T ACP - [Bxop 1]
i Cvma Dan Bpesn Crapt Oweiwie Qevciess Srpaenersss  Misspessw  Yopoaceo  Momows
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Wrrmepane 11561

Esc - Z-range quit, Tab - Z-range off, PgUp — Up-range, PgDn — Dn—range
Up Dn - Change range, 1..0 - Step

Fig. 7. Windows-interface
for one-dimensional USB-ADC.
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Fig. 8. Windows-interface Fig. 9. Text format result in Excel.
for two-dimensional USB-ADC.
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In Fig. 7 submitted the screen-shot Windows-interface management and measurement using one-dimensional
USB-ADC. In the conventional view, there are the available Windows shell options, which determine the start (stop) and
the time length of exposure, selection of threshold check in the spectrum and so on Also available conventional options of
opening a new file and its saving in text format for reading (download) accumulated and saved the file. Finally, in Fig. 8
represented the result of accumulation of two-parameter range of a-particle decay of *°Ra using two-dimensional ADC.
On one axis (input) was given spectrum of the "fine" detector, and on the second axis (second input) - from thick detector
(range up to full stopping of charged particles). Digitized file of the accumulated statistical information consists of "words"
with three numbers - the channel number on the axis "X", the channel number on the axis of «Y» and the number of counts
on the axis of «Z». With the help of FORTRAN-program in the standard package Visual Compagq this source file is
converted to a text table, available in any Windows-applications. Below are the results of off-line processing (sorting and
reformatting) using accumulated statistical information for the above three methods of obtaining data.

DOS-acquisition: Numerical result is only available in one-dimensional version. Therefore, processing must end for
the two-dimensional information (see Fig. 6) by selection of area of the two-dimensional plane and its projection
(summation statistics) on the selected axis to get the final one-dimensional spectrum, which is presented in Fig. 5.

One-dimensional USB-ADC: In Fig. 7 provides accumulated using this device range. The signals were presented on
different devices from a single analog breeder and were blocked for simultaneous start (and stop) one and the same
strobe. Then those are saved in text format result by importing data, which are introducing in Excel (Fig. 9). The
principal is the coincidence of the amounts of statistical information in the accumulated spectra in different acquisition
systems.
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Fig. 10. Spectrum of **Ra a-particles. Fig. 11. Two-dimensional spectrum.

Two-dimensional PCI-ADC: For illustrative purposes, if in the two-dimensional mode on two inputs is one the same
signal, we get on a plane two-dimensional statistical data accumulated diagonal, which in the projection on any axis will
give one dimensional spectrum, registered elected (on both axis) detector. In Fig. 10 shows the accumulated two-
dimensional spectrum. Data obtained for single "thick" detector for ***Ra a- particle (with four "passport" energy: 7687,
6002, 5490 and for the two telescope detectors 4599 keV). In Fig. 11 represented by two-dimensional spectrum for the
two telescope detectors (see Fig. 8) after offline processing and exporting the exit text file into standard Origin code. It
remains to recall the difference in the "hardware" between these two options by Figs. 1 and 3.

3. Conclusions

The results demonstrate the adequacy of selected procedures accumulation and sort of experimental data in low
beam accelerator energies. Created opportunities experiment control on the present level to universalize used methods
to obtain and process data based on current and unified devices and software.
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RARE b-DECAYS AT LHCb EXPERIMENT
V.M. lakovenko (on behalf of LHCb collaboration)
Institute for Nuclear Research, National Academy of Science of Ukraine, Kyiv, Ukraine

Studies of rare effects in B-physics provide a possibility to precision tests of the Standard Model and discover the
evidences of New Physics. Precise measurements of rare B decays are performed with the LHCb experiment at Large
Hadron Collider. We report recent measurements of leptonic BO(S)—’WH", semileptonic B’—K’uy and radiative

penguin rare decays B’—K 'y and B”,—qy using 1 fb' of data taken at Js =7 TeV with the LHCb detector.
Introduction

Flavor changing neutral current (FCNC) processes are highly suppressed in the standard model (SM) and thus
constitute a stringent test of the current description of particle physics. Measurements of FCNCs provide sensitivity to
the contributions of heavy virtual particles in the loop diagram. Loop diagrams are well described theoretically and
easily accesible experimentally through many observables which we can measured, e.g. branching fractions, CP and
isospin asymmetries and photon polarization. Thus, studies of the rare B-decays can yield powerful constraints on many
New Physics scenarios, including models with supersymmetry.

LargeHadron Collider beauty

The LHCD detector [1] is a single-arm forward spectrometer at the LHC covering the pseudo-rapidity range2 <n< 5,
designed for the study of particles containing b or ¢ quarks. The detector includes a high precision tracking system
consisting of a silicon-strip vertex detector surrounding the pp interaction region, a large-area silicon-strip detector
located upstream of a dipole magnet with a bending power of about 4 Tm, and three stations of silicon-strip detectors
and straw drift tubes placed downstream. The combined tracking system has a momentum resolution Ap/p that varies
from 0.4 % at 5 GeV/c to 0.6 % at100 GeV/c, and an impact parameter (IP) resolution of 20 um for tracks with high
transverse momentum (pT). Charged hadrons are identified using two ring-imaging Cherenkov detectors (RICH).
Photon, electron and hadron candidates are identified by a calorimeter system consisting of scintillating-pad and
preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter. Muons are identified by a system
composed of alternating layers of iron and multiwire proportional chambers. The trigger consists of a hardware stage,
based on information from the calorimeter and muon systems, followed by a software stage which applies a full event
reconstruction.

Sear ch of leptonic B’,—u*u” and B’—p*u decays

Rare decays B”—u " and B’—u "y are highly suppressed in the SM, as they can occur only via helicity suppressed
loop diagrams. Precise predictions of their branching fractionsare provided in [2]:

B(B",—u'w)=(3.23£0.27) - 10°,
B(B'—p'u) =(1.07 £ 0.10) - 107"°

make these modes powerful probes in the search for deviations from the SM, especially in models with a non-standard
Higgs sector, which can give rise to higher branching fractions.

The entire 2011 dataset for the search of both channels was used [3]. Dimuon candidates were classified in the bins
of a two dimensional space made of a multivariate discriminant variable and the dimuonin variant mass. The probability
of a signal event to fall in each bin is obtained from the data sample itself using Bo@—>h+ hdecays. The expected
number of combinatorial background events is extracted from a fit to the invariant mass side bands. The invariant mass
of dimuon candidates in the highest multivariateb in is shown in Fig. 1.
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Upper limits on the branching fractions are determined to be:
BB’ —u'n)<4.5-10° @95%C.L.6
BB"—p'n)<1.0- 10" @95 % C.L.
These results are compatible with SM theoretical predictions.'
M easur ements of semileptonic B’—K“’u*udecay

The helicity structure ofB’—K"u’p” decay can be determined by measuring the angular distribution of the B
daughters. It comprises the helicity angle of the kaon, 0k, between the kaon in the K™ meson rest frame and the K™’ in
the B’ meson rest frame; the helicity angle of the 4" (1), ), between the muon in the dimuon rest frame and dimuon in
the B’ (B®) meson rest frame; and the angle, ¢, between the decay planes of the dimuonand the K™ systems in the B’
meson rest frame. The four-body decay is completely described by three angles (cosé), cosfx, @) and the dimuon
invariant mass squared (¢°). This gives access to angular observables which are relatively free from hadronic
uncertainties: 4z, the forward backward asymmetry of the p'u" pair in B rest frame, F;, the fraction of longitudinal
polarisation of the K™ and S, proportional to the asymmetry of the K “transverse polarisation and fourth term(S,). The
angular analysis of B"—K "~ at LHCb has measured these four observables [5, 6]. The values of these observables
are shown in Fig. 2.
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Fig. 2.The values of angular observables Arz F, S;and Sy for Bo—>K*0u+u’ as a function of qz, based on the analysis of
1 fb! of data collected at /s =7 TeV in LHCb. The observables are measured in six bins of ¢” and determined from a
simultaneous fit to the angular distribution [5]. The SM predictions are taken from [7].

The LHCD results are the most precise, where all results agree with the SM. These measurements put strong
constraints (> 10 TeV) on non-MFV new physics affecting the Wilson coeffcients C;, Cy and Ci¢[8]. LHCb
collaboration has made the first measurement of the zero crossing point for Agp at 49 5 Gev¥/ct [5], that is in
agreement with SM predictions which range from 4.0 - 4.3 GeV?/c*.

! With the combination of 1 fb™' 2011 data and 1.1 fb™" of the first part of 2012 data the first evidence for B’,—u" 4~
were produced [4].
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M easur ement of isospin asymmetry in B’—K"'p'u
The isospin asymmetry of B—K'’p 1 decays is defined as

B(BO-KOu*u™)-20BBY K ut )

= B(BO-K OOt =) +70B(BY oK+t =y’

where B(B — f) is the branching fraction of the B — f decay and 7,/z, is the ratio of the lifetimes of the B” and B"
mesons. The value of A; is expected to be close to zero in the SM [9] and a measurement of A is a test of the spectator
model of quark interactions. The value of A; for B—Ku'u” within SM is also predicted to be around zero. In 2009, the
BaBar collaboration reported a significantly negative deviation from zero for both B—Ku ' and B—Ku'p” decays in
the ¢’ region below the J/ resonance, which provides the main motivation for the measurement [10].

The LHCb measurement of the B—K”u"p” isospin asymmetry was performed for both B decays to pseudoscalar
and vector mesons [11]. This requires the measurement of the differential branching fraction for the four decays:
B'—K'u'w, B—K'p'w, B"—(K"—K ' 'm)p'yw and B*—(K"—K’x')u'u decays. The decays involving a K’, are more
difficult than the K" decays due to the long lifetime of the K”; and lower visible branching fractions. The differential
branching fractions of B’—K’u*u and B*—K "'y~ measured by LHCb [11] are shown in Fig. 3. The value of isospin
asymmetry, 4;, for B"—K’n"u and B'—K "u'u” are shown in Fig. 4. For B*—K " LHCb results are consistent with
SM predictions. Due to the deficit of B’—K’ " seen in Fig. 3, LHCb measures a negative isospin asymmetry,
deviating from the SM expectation of zero asymmetry by 4.4c [11].
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Fig. 3. Differential branching fractions of (left) B"—K’u " and (right) B*—K " 'n'p” measured
using 1.0 fb™' of data collected at s =7 TeV at LHCb in 2011. The theoretical SM predictions are taken from [7, 12].
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Fig. 4. Isospin asymmetry of (left) B—Kp ' u and (right) B—>K p'y".
For B—K i the theoretical SM prediction, which is very close to zero, is shown for ¢° below 8.68 GeV/c?.

Radiative penguin B’—K"y and B’,—¢pydecays

In the SM, the decays B’—K"y and B’;—¢y proceed at leading order through the electromagnetic penguin
transitions, b—sy. At one-loop level the setransitions are dominated by a virtual intermediate top quark coupling to a W
boson.
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Radiative decays of the B” meson were first observed by the CLEO collaboration in 1993 in the decay mode
B’—K"y [13]. The latest theoretical predictions from NNLO calculations using soft-collinear effective theory give us
the values of branching fraction for decays B’—K 'y and B”— gy [14]:

B(B'—Ky)=(43+1.4) - 107,
BB’ —qy)=(43+1.4) 107,

which suffer from large uncertainties from hadronic form factors. A better-predicted quantity is the ratio of branching
fractions, as it benefits from partial cancellations of theoretical uncertainties.

The data used to measure the ratio of B(B"—K y)/B(B"—py) corresponds to 1.0 fb" of pp collisions collected in
2011 at the LHC with a centre-of-mass energy of Js =7TeV. The invariant mass distribution of the Ky candidates
and the KK candidates are shown in Fig. 5.
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Fig. 5. The invariant mass distribution of selected (left) B’—K "y and (right) B’,—¢y candidates
selected from 1.0 fb™' of data collected at \/s =7 TeV during 2011 [15].

The ratio of branching fractions is measured as:

B(B' 5 K'y) _ Yy kv BO>KK) f, oy
BB =@V Yy, BK'—>KT)f e

) )

B' K *”ﬂ{

where N are the observed yields of signal candidates, B(p—K K)/B(K'—K ' 7) = 0.735 + 0.008 [16] is the ratio of
branching fractions of the vector mesons, fi/f; = 0.2677°%1 ) 6 [17] is the ratio of theB” and B’ hadronization fractions

in pp collisions at Js =7 TeV, and €59
two decays.

The value of the ratio of branching fractions is measured and the value of B(B’;—gy) is calculated using the world
average for B(B'—K'y) [16]:

~oy/€p0_ g0y 18 the ratio of total reconstruction and selection efficiencies of the

B(B" > K'y)

_ +0.23
—B(BSO—>(p'y) 1.12

-0.20 >

B(B"—¢y) = (3.9+0.5) - 107,

where the quoted error is a combination of the statistical and systematic uncertainties.The measurement of the ratio of
branching fractions ensures the cancellation of most of the systematic errors. This is the most precise measurement of
B(B’;—gy) to date.

Conclusions

Using an integrated luminosity of 1.0 fb™' of pp collision data collected by the LHCb experiment at a centre-of-mass
energy of Js =7 TeV we have presented recent results on search of very rare decays B%—mﬂ!, isospin analysis with
semileptonic B’—K °u'u” decay and measurements of ratio of the branching fractions of BO—>K*y and B’,—¢y decays.
LHCDb provides us information to constrain many models of New Physics.
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EQUATION OF STATE OF STRANGE QUARK MATTER
IN A STRONG MAGNETIC FIELD

A.A.lsayev*?, J. Yang®
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2V. N. Karazin Kharkiv National University, Kharkiv, Ukraine
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Thermodynamic properties of strange quark matter (SQM) in strong magnetic fields H up to 10*° G are considered
at zero temperature within the MIT bag model. The effects of the pressure anisotropy, exhibiting in the difference
between the pressures along and perpendicular to the field direction, become essential at H > H, , with the estimate

107 <H, <10" G. The longitudinal pressure vanishes in the critical field H_, which can be somewhat less or larger

th ~

than 10" G, depending on the total baryon number density and bag pressure. As a result, the longitudinal instability
occurs in strongly magnetized SQM. The appearance of such instability sets the upper bound on the magnetic field
strength which can be reached in the interior of a neutron star with the quark core. The longitudinal and transverse
pressures as well as the anisotropic equation of state of SQM are determined under the conditions relevant for the cores
of magnetars.

1. Introduction

Strange quark matter (SQM), composed of deconfined u,d and S quarks, can be the true ground state of matter, as
was suggested in Refs. [1, 3]. This conjecture, if will be confirmed, would have important astrophysical implications. In
particular, strange quark stars can exist in the form of stable SQM self-bound by strong interactions [4]. Also, if SQM is
metastable at zero pressure, it can appear in the high-density core of a neutron star as a result of the deconfinement
phase transition. In this case, the stability of SQM is provided by the gravitational pressure from the outer hadronic
layers. Then a relevant astrophysical object is a hybrid star having a quark core and the crust of hadronic matter.

Another important aspect related to the physics of compact stars is that they are endowed with the magnetic field.
For magnetars, the field strength at the surface can reach the values of about 10" -10" G. In the interior of a magnetar

the magnetic field strength can reach even larger values of about 10*° G [5]. In such ultrastrong magnetic fields, the
effects of the O(3) rotational symmetry breaking by the magnetic field become important [5]-[8]. In particular, the

longitudinal (along the magnetic field) pressure is less than the transverse pressure resulting in the appearance of the
longitudinal instability of the star’s matter if the magnetic field exceeds some critical value. The effects of the pressure
anisotropy should be accounted for in the consistent study of structural and polarization properties of a strongly
magnetized stellar object. In this research, we consider the effects of the pressure anisotropy in SQM under the presence
of a strong magnetic field within the framework of the MIT bag model.

2. General formalism

In the simplest version of the MIT bag model, quarks are considered as free fermions moving inside a finite region
of space called a “bag”. The effects of the confinement are accomplished by endowing the finite region with a constant
energy per unit volume, the bag constant B . The energy spectrum of free relativistic fermions (u, d, s quarks and
electrons) in an external magnetic field has the form

e =K +m7+2v[q | H, v=n+§—§sgn<qi>, i—udse, (1)

where v=0,1,2... enumerates the Landau levels, n is the principal quantum number, S=+1/2 corresponds to a
fermion with spin up, and s=—1/2 to a fermion with spin down. The lowest Landau level with v=0 is single

degenerate and other levels with v >0 are double degenerate.
Further we will consider magnetized SQM at zero temperature. In the zero temperature case, the thermodynamic
potential for an ideal gas of relativistic fermions of i th species in the external magnetic field reads [9]

} , 2

where the factor (2-39, ) takes into account the spin degeneracy of Landau levels, g, is the remaining degeneracy

kli:,v +ui

Qi :_Mf(z_av,o){uik:{v _mz,v In m

2
4n v=0

factor [ g; =3 for quarks (number of colors), and g, =1 for electrons], |, is the chemical potential, and
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M, =y +2v|q |H, ki, =0 -, .

) uz — mz
In Eq. (2), summation runs up to v, = I['—],

max 2(q | H I[...] being an integer part of the value in the brackets. The
4

number density g = —(?)T of fermions of i th species is given by

o H Ve ,
Pi :—| 4 |92| Z(z_av,o)kF,v' Q)
2n v=0

In order to find the chemical potentials of all fermion species, we will use the following constraints:

HCRTETRE 4)
20, —Py—Ps=3p, =0, 5)
My =1, +H, ©)

Mg =M (7

being the conditions of the total baryon number conservation, Eq. (4) (g is the total baryon number density), charge

neutrality, Eq. (5), and chemical equilibrium, Egs. (6), (7), with respect to the weak processes occurring in the quark
core of a neutron star [4].
At zero temperature, the energy density E =€, +,0 for fermions of i th species reads

} : ®)

In the MIT bag model, the total energy density E, longitudinal p, and transverse p, pressures in quark matter are

g H Ve V K +u
E :MZ(z_SV,O){Mik'FN .,_mZN 1nFsV_—+“'

2
4n v=0

LV

given by [5]

H?2
E:ZEi-‘rg'i‘B, (9)
H? H*

B =_ZQi_E_Ba pt=—ZQi—HM +g_B’ (10)

where B is the bag constant, and M = Z M, = —Z(%)ul is the total magnetization. It is seen that the magnetic field

strength enters differently to the longitudinal and transverse pressures that reflects the breaking of the O(3) rotational
symmetry in a magnetic field. In a strong enough magnetic field, the quadratic on the magnetic field strength term (the
Maxwell term) will be dominating, leading to increasing the transverse pressure and to decreasing the longitudinal
pressure. Hence, there exists a critical magnetic field H_, at which the longitudinal pressure vanishes, resulting in the
longitudinal instability of SQM. In the astrophysical context, this means that in the magnetic fields H>H_ a neutron
star with the quark core will be subject to the gravitational collapse along the magnetic field.

3. Numerical results and conclusions

As was mentioned in Introduction, SQM can be in absolutely stable state (strange quark stars), or in metastable
state, which can be stabilized by high enough external pressure (hybrid stars). Note that the analysis of the absolute
stability window in the parameter space for magnetized superconducting color-flavor-locked strange matter in Ref. [10]
shows that the maximum allowed bag pressure decreases with the magnetic field strength (cf. Eq. (32) of that work).
The same holds true for magnetized nonsuperconducting SQM because the arguments of Ref. [10] can be reiterated in

the given case with the only change that in Eq. (32) of Ref. [10] one should use the potential Q = Zi Q, with Q, given
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by Eq. (2) of the present study. In numerical calculations, we adopt two values of the bag constant, B=100 MeV/fm"
and B=120 MeV/fm”’, which are slightly larger than the upper bound B =90 MeV/fm® from the absolute stability
window at zero magnetic field strength [3]. The core densities corresponding to these bag pressures are chosen equal to
05 =30, and g, =4, , respectively, which are, in principle, sufficient to produce deconfinement (g, =0.16 fm™ being
the nuclear saturation density). Therefore, in the astrophysical context, we assume a scenario in which SQM can be
formed in the core of a strongly magnetized neutron star. For the quark masses, we use the values m, =m, =5 MeV,
and m; =150 MeV [9].

In order to calculate the energy density E of the system, transverse p, and longitudinal p, pressures, we, first, find

the chemical potentials of all fermion species from the self-consistent Egs. (4) - (7) and then determine the quantities
E,p,,p from Egs. (9), (10). Fig. 1 shows the longitudinal p, and transverse p, pressures at zero temperature as

functions of the magnetic field strength. It is seen that, first, the transverse and longitudinal pressures stay practically
constant and indistinguishable from each other. This behavior of the pressures p, and p, corresponds to the isotropic

regime. Beyond some threshold magnetic field H, , the transverse pressure p, increases with H while the
longitudinal pressure p, decreases with it, clearly reflecting the anisotropic nature of the total pressure in SQM in such
strong magnetic fields (anisotropic regime). In the critical magnetic field H_, the longitudinal pressure p, vanishes.
This happens at H_ =7.410" G for g, =3g,,B=100MeV/fm’, and at H_=1.410" G for g, =4p,,B=120MeV/fm’.

Above the critical magnetic field, the longitudinal pressure is negative leading to the longitudinal instability of SQM.
Therefore, the thermodynamic properties of SQM should be considered in the magnetic fields H < H, .

Let us now make the estimate of the threshold magnetic field H,, at which the anisotropic regime enters. Fig. 2
shows the normalized difference between the transverse and longitudinal pressures 8= (p, — p)/p, as a function of the
magnetic field strength for the cases under consideration ( p, being the isotropic pressure corresponding to the weak
field limit with p, = p, = p, ). Following Refs. [5, 7, 8], for finding the threshold field H,, one can use the approximate
criterion & = 1. Then anisotropic regime enters at H,, =5.510" G for gz =3g,,B=100MeV/fm’, and at H,, =9.910"
G for g, =40,,B=120MeV/fm’. The anisotropy parameter & reaches its maximum §_~2 in the critical field H_,

corresponding to the onset of the longitudinal instability in SQM. Thus, as follows from the previous discussions, the
effects of the pressure anisotropy are important at H, <H <H_.

400 30 :
— _ 3 ]
- ——p, = 3p,, B = 100 MeV/fm’ T % 3py B - 100 'V'eV/fm3 .'
P 4p,B=120 MeV/fm?® === py =4p, B =120 MeV/fm !
1)
@ 20} !
o 10+
-200 -
-400 15 I16 I17 18 19 0
10 10 10 10 10 10% 10*
HIC] H [G]

Fig. 1. Transverse (ascending branches) and longitudinal Fig. 2. Same as in Fig. 1, but for the normalized difference
(descending branches) pressures in magnetized SQM at  §=(p,—p,)/p, between the transverse and longitudinal
zero temperature as functions of the magnetic field pressures. The vertical arrows show the maximum
strength for g, =3g,,B=100MeV/fm’ (solid lines) and normalized splitting 3, at the corresponding critical field

05 =40,, B=120MeV/fm’ (dashed lines). H

c*

Fig. 3 shows the energy density E of the system as a function of the magnetic field strength at zero temperature
2

without the pure magnetic field energy contribution E, = ';— (left panel) and with account of it (right panel). It is seen
n

that the energy density of solely magnetized SQM decreases with H . However, the overall effect of the magnetic field,
with account of the Maxwell term, is to increase the energy density of the system. Nevertheless, this effect of the magnetic
field is, in fact, insignificant because the magnetic field in SQM is bound from above by the critical magnetic field H_ .
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Because of the pressure anisotropy, the equation of state of SQM in a strong magnetic field is also anisotropic.
Fig. 4 shows the dependence of the energy density E of the system on the transverse pressure p, (left panel) and on
the longitudinal pressure p, (right panel) after excluding the dependence on H in these quantities. In particular, the
anisotropic character of the pressure is reflected in the fact that the energy density is the increasing function of p, while
it decreases with p,. This is because the dominant Maxwell term enters the transverse pressure p, and the energy
density E with positive sign while it enters the longitudinal pressure p, with negative sign. In the right panel, the
physical region corresponds to p, >0.

1400 1400 _
i _ _ 3 i _ _ 3 f
1200L ~—Pg = 3p, B=100 MeV/fm 1200 — Py = 3p,, B=100 MeV/fm ,
- == -p, =4p, B=120 MeV/fm’ L - - p, = 4p,, B=120 MeV/im’ /
—1000 | 1000 /
E 1
S 800} % 800
S . boooo =
= 600 |- = 600
L x N
W 400f \ 400
200 | 200 |
(a) (b)
H[G] H [G]

Fig. 3. Same as in Fig. 1, but for the energy density E of the system at zero temperature (a) without the magnetic field
energy contribution E, =H? / &n and (b) with account of E, . The vertical arrows indicate the points corresponding to
the critical field H_ .

1000 1100
- ——p, = 3p,, B=100 MeV/fm® It S — p, = 3p,, B=100 MeV/fm’
900 |- - --p_ =4p, B=120 MeV/im* .-~ 1000 "~ ---p = 4p, B=120 MeV/im®
| 900
800 |
= 800
£ 700} S
> | o 700 Tl
= 00| Z
w W 600
500 500
@) | (b)
400 " 1 " 1 " 1 400 1 " 1 " 1 " 1 "
0 100 200 300 300 -200  -100 0 100
3
p; [Mev/im’] p, [MeV/fm’]

Fig. 4. The energy density E of the system at zero temperature as a function of: (a) the transverse pressure p, and (b)
the longitudinal pressure p,. The meaning of the vertical arrows in the left panel is the same as in Fig. 3. In the right
panel, the physical region corresponds to p, >0.

In summary, we have considered the impact of strong magnetic fields up to 10* G on the EoS of SQM at zero
temperature under additional constraints of total baryon number conservation, charge neutrality and chemical
equilibrium with respect to various weak processes occurring in the system. The study has been done within the
framework of the MIT bag model. In the numerical calculations, we have adopted two sets of the total baryon number
density and bag pressure, g, =30,,B=100MeV/fm’ and g, =4g,,B=120MeV/fim’. It has been shown that the
longitudinal pressure decreases with the magnetic field (contrary to the transverse pressure increasing with H ) and
vanishes in the critical field H_, resulting in the longitudinal instability of SQM. The value of the critical field H,
depends on the total baryon number density of SQM and the bag pressure B, and it turns out to be somewhat less or
larger than 10" G for the two sets of the parameters, considered in the given study. The longitudinal and transverse
pressures as well as the anisotropic EoS of magnetized SQM have been determined at the total baryon number densities
and magnetic field strengths relevant to the interiors of magnetars.

J.Y. was supported by grant 2010-0011378 from Basic Science Research Program through NRF of Korea funded by
MEST and by grant R32-10130 from WCU project of MEST and NRF.
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COMPARISON OF VARIOUS SCINTILLATION DETECTORS
WITH n-y PULSE SHAPE DISCRIMINATION

E. S. Konobeevski, M. V. Mordovskoy, I. M. Sharapov, S.V. Zuyev
Institute for Nuclear Research, Russian Academy of Sciences, Moscow, Russia

The possibility of using liquid scintillators and stilbene for digital n-y discrimination using CAEN Waveform
Digitizer is examined. The charge-integration and the charge-decay methods was employed to compare the pulse shape
discrimination properties of four scintillators: EJ-301, EJ-315 (C¢Dg), NE-213 and stilbene. It is proposed to use the
new shape-parameters to improve the n-y discrimination.

To obtain new data on neutron-neutron interaction in a wide energy range (20 - 100 MeV) a setup for study the nd-
breakup reaction was installed at the Institute for Nuclear Research (INR) of Russian Academy of Sciences [1]. This
setup allows one to detect the three final particles - two neutrons and proton and determine their energies. The
experiment is performed at the neutron beam channel RADEX of Moscow meson factory of INR [2].

In our study of the deuteron breakup reaction we use various scintillation detectors of neutrons. As an active target-
detector we used liquid deuterated (C¢Dgs) EJ-315-scintillator produced by Eljen Technology Company (analog of NE-
230 and BC-537 scintillators). Behind the target along the beam of primary neutrons was placed neutron beam monitor
on the base of stilbene crystal.

As the monitor and the active target detectors operate in the presence of background gamma rays, it is necessary to
apply scintillators, allowing pulse-shape discrimination of neutrons and gamma rays. In our work we compared various
organic scintillators based on stilbene crystals and liquid scintillators (EJ-301, EJ-315 and NE-213). Some
characteristics of the tested scintillators are presented in Table 1.

Table 1. The main characteristics of tested scintillators

Light Output Mean Decay Times
Scintillator (% of References
Anthracene) & E T
Stilbene 50 % 4.05 ns 33 ns 270 ns [2]
EJ-301 78 % 3.16 ns 32.3 ns 270 ns [3,4]
EJ-315 60 % 3.5ns ? ? [3,4]
NE-213 78 % 3.16 ns 32.3 ns 270 ns [2]
0.2 4 0.2 5
0.0 — e 0.0
0.2 0.2
0.4 0.4 1
0.6 0.6
0.8 -0.8 4
401 EI-313 1.0
4.2 1.2 T T 1
40 50 60 70 BO| 40 50 60 T0 B0
0.2 4 0.2

Stilbene

40 5-l'.| 5‘0 70 8‘0 40 5‘0 S;J 70 8‘0
Fig. 1. Oscillograms of y- and n-pulses reduced to the unit amplitude for tested scintillators irradiated by PuBe source.

Scale interval of the horizontal axis is equal to 4 ns.

The most widely used methods for neutron detection in the presence of gamma radiation background utilizes the
difference in the shapes of the scintillation pulses induced by neutrons (recoil protons) and y-rays in organic scintillators.
Pulse shape discrimination (PSD) phenomena discovered and demonstrated many decades ago are based on the
existence of two-decay component fluorescence, in which, in addition to the main component decaying exponentially
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(prompt fluorescence), there is usually a slower emission that has the same wavelength, but longer decay time (delayed
emission) [S]. The short range of the energetic protons produced from neutron collisions yields a high concentration of
exited molecules, compared to the longer range of the electrons from the gamma interactions, leading to the enhanced
level of delayed emission with longer decay times in neutron-induced pulses in comparison to those produced by the
gamma excitation. This leads to a somewhat different form of the scintillation signal from neutrons and gamma rays.
The difference in the slow decay component of the light emission induced by neutrons and gamma-rays is the basis of
digital pulse-shape discrimination in the scintillating detectors. The typical pulses from the scintillators tested, reduced
to the unit amplitude, are shown in Fig. 1.

The associated photomultiplier signals were digitized by means of the Mod. DT5720C (2 Channel, 12bit, 250MS/s)
Waveform Digitizer developed by CAEN - Costruzioni Apparecchiature Elettroniche Nucleari SpA [6]. Signals with
amplitude up to 2 V were parallel digitized by 4096-channel FLASH-ADC with periodicity of 4 ns.

For different signals (see Fig. 1) some parameters characterizing the shape of the pulse were considered. Typical
parameters of the pulse are shown in Fig. 2. We used them in the charge-integration and the charge-decay methods for
the n-y discrimination.

0.2

0.0

-0.2

0.4

-0.6 -

08 | Y A—— E

107 A QS QL

'1 -2 T T T
40 50 60 70 80

Fig. 2. Parameters characterizing the pulses of the scintillators.

The shape of the trailing edge of different pulses may be fitted using the function
f)y=4-&", )

where f{¢) is the digitized value of the pulse at time #, 4 is the maximum amplitude, TAU is the decay time of the slow
pulse component, different for neutrons and y-rays. We also used QL/A-parameter, characterizing the effective width of
the pulse and also different for neutrons and y-rays, and PSD [6] parameter defined as:

PSD = % , )

where QL and QS are “long” and “short” parts of the integral of the pulse. The decay time TAU, effective width QL/A
and PSD are the shape-parameters. For n-y discrimination, usually, two-dimensional scatter-plots of the shape-
parameters vs. pulse height are used.

For quantitative comparison of the quality of separation between y-rays and neutrons one consider the Figure of
merit (FOM) which is defined [6] as

APeak

FOM: s
FWHM, + FWHM ,

3)

where APeak is the separation between the neutron and gamma peaks and FWHM, and FWHM, are the full widths at
half maximum of the neutron and gamma peaks in the n-y spectrum, which is the projection of the two dimensional
scatter plot onto the shape parameter axis. Therefore, a larger FOM value means a better separation between neutron
and y-ray events.

In Fig. 3 the typical two-dimensional scatter-plots of the shape-parameters PSD, QL/A and TAU vs. pulse-height 4
are shown for the stilbene irradiated by PuBe source. It is shown, that the scatter-plot PSD vs. A4 and its projection onto
PSD-axis demonstrate the best n-y discrimination with FOM ~ 1.15. All studied scintillators demonstrate such
dependence.
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Fig. 3. Two-dimensional diagrams of the shape-parameters PSD, QL/A and TAU vs. A (left)
and the corresponding projections on the Y-axis (righf) obtained for the stilbene scintillator irradiated by PuBe source.

In addition to two-dimensional scatter-plots of the shape-parameters vs. pulse-height, QL or OS may also be
considered two-dimensional scatter-plots of one shape-parameter to another. Examples of such two-dimensional scatter-
plots for the cases PSD vs. QL/A, PSD vs. TAU and TAU vs. QL/A are shown in Fig. 4.

These diagrams show that the projections on the axes will give not very good separation. However, it is clear that
the n- and y-events are grouped in spots symmetrically around a some center. Further optimization of the separation can
be achieved by a rotation around this center at an angle at which the line connecting the centers of n- and y-spots
becomes parallel to one of the axes of the two-dimensional diagram. This operation is equivalent to the rotation of
primary axis at the same angle, and leads to some new variables, which are the new shape-parameters. Such coordinate
transformation results in the diagram shown in Fig. 5. After the projection on the shape parameter axis we obtain the
new spectra and can estimate the quality of separation using FOM, defined as above (2).

The data in Figs. 4 and 5 suggest the possibility of an improvement in n-y separation with the introduction of the
new shape-parameters with respect to the standard methods of n-y discrimination.

It should be noted that the shape of the peaks in the shape parameter spectra is different from the Gaussian ones. In
particular, there is a broad "tail" (a slow decrease far away from the center of the peak). Consequently, the use of FOM
parameter, based on the half-width of the Gaussian peaks, does not fully reflect the quality of n-y separation. In our
view, it would be more appropriate to characterize the separation by the number of gamma-ray events that fall into the
area of selection for neutron events, and vice versa. In this case, as the quality criteria of separation one can use the ratio
of gamma peak to valley between neutron and gamma peak — Apy. Table 2 shows that the rotation of the coordinate
system can significantly increase this ratio, and, consequently, improve the quality of n-y separation.
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Fig. 4. The two-dimensional scatter-plots of the shape- Fig. 5. The two-dimensional scatter-plots as in Fig. 4, after
parameters: a — PSD vs. QL/A (FOM(PSD)~1.17, the transformation of variables: a — PSD’ vs. QL/A’
FOM(QL/A)~0.73); b — PSD vs. TAU (FOM(PSD)~1.17, (FOM(PSD’)~1.17, FOM(QL/A’)~1.17); b — PSD’ vs.
FOM(TAU)~0.52); ¢ — TAU vs. QL/A (FOM(TAU)~0.52, TAU’ (FOM(PSD’)~1.18, FOM(TAU )~1.18); ¢ — TAU’
FOM(QL/A)~0.73) are shown for the EJ-301 scintillator vs. QL/A’ (FOM(TAU’)~0.85, FOM(QL/A’)~0.85).
irradiating by PuBe source.

Table 2. The ratio of Apy parameter after the coordinate transformation to the initial one

Scintillator Apy™St ) 4 pym
Stilbene 1.49
EJ-301 1.37
EJ-315 1.19
NE-213 1.57

So, one can note that the use of new variables PSD’ vs. QL/A" and the PSD' vs. TAU' improves the quality of n-y-
separation. Data obtained using PuBe source, as well as those obtained at neutron channel RADEX show a good n-y-
separation in the energy region of 0.5-30 MeV.

This work was supported by RFBR grant number 10-02-00603.
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SEARCHING FOR PHYSICS BEYOND THE STANDARD MODEL AT THE LHC
T.V. Obikhod
Ingtitute for Nuclear Research, National Academy of Sciences of Ukraine, Kyiv, Ukraine

We develop the necessary tools for building GUT models in F-theory. This approach is flexible because the local
geometrical properties of singularities in F-theory compactifications encode the physical content of the theory. We see
that geometry determines the gauge group, matter content and Yukawa coupling of a given model. These features are
captured by a four-dimensional theory. Searches for SUSY in the context of the Minimal supersymmetric extension of
the Standard Model (the MSSM) at the quark/string level of scale at the LHC are explained by unifying the fundamental
interactions in the context of string theory. There are encouraging signs that string theory naturally includes many of the
qualitative features of the Standard Model. Both gauge coupling unification as well as the matter content of the
Standard Model hint at the presence of a unified gauge group structure at high energies. In order to use simulations to
assess the prospects for detecting and measuring new particles at accelerators, MSSM model must be adopted. It seems
necessary to reduce the size of the parameter space, by adopting one of the more restricted models for SUSY breaking,
such as the mSUGRA one. Such models typically have only three or four parameters. The analysis of recent
experimental data received from LHC (CMS) restricts the range of MSSM parameters to the new five parameters.
Using computer programs SOFTSUSY, SDECAY and PYTHIA the mass spectrum, partial width and production cross
sections of superpartners are calculated.

1. Introduction

The searches for new physics at the LHC motivated the necessary tools for building Grand Unification Theory
(GUT) models in F-theory [1]. It is known that Minimal Supersymmetric Standard Model (MSSM) [2] through its
connection to string theory improves the Standard Model (SM). There are several problems of SM, connected with our
experimental knowledge and with some theoretical aspects:

1. there is the neutrino mass problem - the SM predicts neutrinos having zero mass, whereas we have experimental
evidence for massive neutrinos;

2. SM field theory which include gravity ends up being non-renormalizable without predictions below the Planck
scale;

3. SM has 19 free parameters to be determined experimentally;

4. the hierarchy problem;

5. the unification problem.

These problems can be decided with the help of MSSM model. In this model each particle, for example fermion,
has its superpartner - boson with appropriate masses and couplings. MSSM includes new symmetry called R-parity.
This gives us some usefull phenomenological results:

o the lightest sparticle, LSP must be stable and then it would be an excellent candidate for dark matter;

e the LSP interacts very weakly with matter;

e supersymmetric particles are produced in pairs;

e all supersymmetric particles are unstable and decay.

2. Category of D-branes

To construct the MSSM model from superstring theory we must use the notion of derived category [3]. We will give
the short review of the theory of category.

A category --- consists of the following data:
1. A class Ob--- of objects A B,C,...;
2. A family of disjoint sets of morphisms Hom(A B) one for each ordered pair A B of objects;

3. A family of maps
Hom( A B)-Hom(B,C) — Hom(A,C)

one for each ordered triplet A B,C of objects.

These data obey the axioms:
a) If f: A-»B, g: B>C, h: C—>D, then composition of morphisms is associative, that is,

h(gf)=(hg)f;
b) To each object B there exists a morphism 1;:B— B such that 1,f=f,gly=9g for f:A—>B and
g:B->C.

There are several aspects that are necessary for construction the category of D-branes [3]:
e D-brane is associated to the locally-free sheaf;
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e An open string from one D-brane (sheaf E) to
another D-brane (sheaf F ) is given by an element of the

b
0 group Ext %(E,F) ;
é § e the category of D-branes is the derived category
of coherent sheaves D (X);
1] e If X and Y are mirror Calabi-Yau threefolds
I

#
b+b
QO then the category D (X) is equivalent to the triangulated
ﬁﬂ category Tr _(Y) ;

p a+a’ c+c’ e D-branes on the orbifold C/G and open strings
b between them are described by the derived category of
o]

/‘/ McKay quiver representations.
We consider the derived category of distinguished
:& triangles over the abelian category of McKay quivers [3].
a’ il Objects of this category are distinguished triangles
(numbers a,b,c and a,b,c denote orbifold charges [4]

characterizing McKay quivers); morphisms of this
category are morphisms of distinguished triangles.

Distinguished triangle of derived category.
3. Particle content
The module space of an open superstring [5] has the form
Ext 0( Q, Q') =C aa +bb +cc ,
1)
Ext I(Q, Q) =-C 3ab +3bc +3ca ]

Substituting in (1) orbifold charges
a=b=c=a =b=c=4

and using the Langlands hypothesis [6], we obtain the realization of (1) in terms of SU(5) multiplets
3-(24+5, +5, +5, +5, +10, +10u ) .

This result determines the particle content of the MSSM.
4. Super potential
The gauge invariant MSSM superpotential takes the form
Wy (5, =A g5, - 5 10 +A -5, - 105 - 100" +u-5,, -5, )

d
ij»

where 5, and 5, are Higgs multiplets, 5 and 10} are multiplets of quark and lepton superpartners, A Ay are

Yukawa coupling constants and L is the Higgs mixing parameter.

5. Mass spectrum

The analysis of Yukawa coupling constants, based on observational hints and theoretical considerations, allows to
restrict the parameter space in (2) to five free parameters [7]:

M, =450 GeV, M,, =425 GeV,
3)
A =0, tanf=10, sgn(n)=+1.

Using this restricted parameter set it is possible to calculate the mass spectrum of superpartners by application of the
computer program SOFTSUSY [8]. This MSSM spectrum is shown in Table 1.
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Table 1. Mass spectrum of superpartners

GeV GeV GeV
U 974 g 1006
0, 1000 Ve 525 7 174
dr 972 & 477 dg 327
d, 1003 Y 531 %5 546
[oR 974 1 562
c. 1000 vV, 525 o 327
5 972 [T 477 G 562
5 1003 i, 531
f1 741 h 114
£, 947 v, 523 A 749
b 910 z, 471 H° 749
b, 968 %, 531 H* 753

6. Partial widths

Using the parameter set (3) it is possible to calculate partial widths of superpartners by application of the computer
program SDECAY [9]. These partial widths are shown in Tables 2, 3.

Table 2. Partial widths of superpartners

Table 3. Partial widths of superpartners

Channel BR Channel BR Channel BR Channel BR
7°u  0.993 g dd 0017 hb' 0.119

g 2‘0‘ Fou 0.004 = q
XU 0.002 ded 0.017 bb 0.119

- 7°d 0.993 G.u" b b*

d, 2(01 )ng 0.004 u*Ru 0.015 kab 0.021
¥d - 0.002 Gou 0015 bb  0.021
7°c 0.993 g g it

& 2(; e 0.004 s  0.017 tt 0.294
¥oc  0.002 §s 0017 £t 0.294
7's  0.993 &.c 0.015

& NXO‘ ¥is  0.004 R
¥os  0.002 &c 0015

7. Cross sections

Using the parameter set (3) it is possible to calculate production cross sections of superpartners by application of the
computer program PYTHIA [10]. These cross sections at center-of-mass energy Js=14 TeV are shown in Table 4.

Table 4. Cross sections of superpartners

Channel Cross section, pb
99 —> 99 Oy =0.323
aqg — d. g G4, = 0260
qg — 0z @ Oy = 0.489
aq — Osdy 6,4 = 0.132
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SPIN DETERMINATION OF HEAVY NONSTANDARD DILEPTON
AND DIPHOTON RESONANCES AT THE LHC

A. A. Pankov, A.V. Tsytrinov
The Abdus Salam ICTP Affiliated Centre, Gomel State Technical University, Gomel, Belarus

New Physics scenarios generally predict the existence of very heavy quantum states that can possibly manifest
themselves as peaks (or bumps) in the cross sections at the LHC. For values of the parameters in certain domains,
different nonstandard models can generate peaks with the same mass and same number of events. In this case, the spin
determination of a peak, requiring the angular analysis of the events, becomes crucial in order to identify the relevant
nonstandard source. We discuss, using a particularly suitable symmetrically integrated angular asymmetry applied to
Drell-Yan dilepton and diphoton events at LHC, the identification reach on the exchanges in these reactions of the
following heavy bosons: spin-2 Randall-Sundrum graviton excitations; spin-1 heavy neutral gauge bosons Z’; and spin-
0 SUSY R-parity violating sneutrinos.

1. Introduction

The existence of new heavy bosons predicted by many models beyond the standard model, with mass scales
M > M, ,. They can be signalled by the observation of (narrow) peaks in the cross sections for reactions among

standard model particles at the LHC. However, the observation of a peak/resonance at some large mass M = M, may
not be sufficient to identify its underlying nonstandard model, in the multitude of potential sources of such a signal.
Indeed, in ‘confusion regions’ of the parameters, different models can give the same M, and same number of events
under the peak. In that case, the test of the peak/resonance quantum numbers, the spin first, is needed to discriminate the
models against each other in the confusion regions. Specifically, one defines for the individual nonstandard scenarios a
discovery reach as the maximum value of M, for peak observation over the standard model (SM) background, and an
identification reach as the maximum value of M, for which the model can be unambiguously discriminated from the

other competing ones as the source of the peak. Particularly clean signals of heavy neutral resonances are expected in
the inclusive reactions at the LHC:

ptp—=>IT+X (I=eu) and p+p—yy+4X, )

where they can show up as peaks in the dilepton and diphoton invariant mass M . While the total resonant cross section
determines the number of events, hence the discovery reaches on the considered models, the angular analysis of the
events allows to discriminate the spin-hypotheses from each other, due to the (very) different characteristic angular
distributions. In the next sections we discuss the identification of the spin-2 against spin-1 and spin-0 hypotheses (and
spin-0 only for diphoton case), modelled by the Randall - Sundrum model with one warped extra dimension [1], a set of
Z models [2], and the R -parity violating sneutrino exchange [3] (spin-O scalar [4] for diphoton final states),
respectively.

2. Cross sections and center -edge asymmetry

The total cross section for a heavy resonance discovery in the events (1) at an invariant dilepton (or diphoton) mass
M=M, (with R=G,Z ",V denoting graviton, Z and sneutrino, respectively) is:

by [ My +AM /2 Vimas do
G(pp - R) . BR(R -7 ) = lecm dZJ‘MR—AM/Z J-} dym (2)
Resonance spin-diagnosis makes use of the comparison between the different differential angular distributions:
do  pMeramr2 Y dO
L= [ —=—ay. 3)
dz ez T v dM dydz

In Egs. (2) and (3), z=cosO_, and y are the lepton-quark (or photon-quark) angle in the dilepton (or diphoton)
center-of-mass and the dilepton rapidity, respectively, and cuts on phase space due to detector acceptance are indicated.
For integration over the full phase space, the limits wouldbe z,, =1 and y _=-y_ .. = log(x/s / M) with /s the LHC
collider center-of-mass energy. Furthermore, AM is an invariant mass bin around M, , reflecting the detector energy
resolution [5]. To evaluate the number N, of resonant signal events time-integrated luminosities of 100 fb ! for 14 TeV
LHC (the ultimate expectations) and 20 fb™' for 8 TeV LHC (expected to be archived before long shutdown) will be
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assumed, and reconstruction efficiencies of 90 % for both electrons and muons and 80 % for photons). Typical
experimental cuts are: p, >20 GeV and pseudorapidity |n| <2.5 for both leptons; p, >40 GeV and |n| <2.4 for

photons. Finally, with N, the number of ‘background’ events in the AM bin, determined by the SM predictions, the

criterion Ny =5,/N, or 10 events, whichever is larger, will be adopted as the minimum signal for the peak discovery.

To evaluate Egs. (2) and (3) the parton subprocesses cross sections will be convoluted with the CTEQ6.6 parton
distributions of Ref. [6]. Next-to-leading QCD effects for dilepton case can be accounted for by K -factors, and for
simplicity of the presentation we here adopt a flat value K =1.3. For diphoton case the full NLO calculations were
done [7]. In practice, due to the completely symmetric pp initial state, the event-by-event determination of the sign of
z may at the LHC be not fully unambiguous. This difficulty may be avoided by using as the basic observable for
angular analysis the z -evenly integrated center-edge angular asymmetry, defined as [8 - 10]:

i [ (] 2 @

In Eq. (4), 0<z" <z, defines the separation between the ‘center’ and the ‘edge’ angular regions and is a priori

arbitrary, but the numerical analysis shows that it can be ‘optimized’ to z* =0.5. The additional advantage of using
A 1s that, being a ratio of integrated cross sections, it should be much less sensitive to systematic uncertainties than

‘absolute’ distributions (examples are the K -factor uncertainties from different possible sets of parton distributions and
from the choice of factorization vs renormalization mass scales).

3. New physics models

RS model with one compactified extra dimension. Originally, this model was proposed to solve the so-called
gauge hierarchy problem, M, < M, =10"® TeV. The simplest set-up, called RS, consists of one warped extra spatial
dimension, y, two three-dimensional branes placed at a compactification relative distance y, =7R , and the specific
5-D metric [1]

ds® = exp(=2k |y, dx"dx’ —dy’. 5)

In (5), m,, is the usual Minkowski tensor and k >0 is the 5-D curvature. SM fields are localized to the so-called TeV
brane, and gravity can propagate in the full 5-D ‘bulk’, included the other, so-called Planck, brane. On this brane, the
effective 4-D mass scale is related to the Newton constant by the relation 7, =1/ m =2.44x10" TeV. Denoting
by M, the 5-D effective mass scale, analogously related to the cubic root of the 5-D Newton constant, the relation can
be derived: M]z,l=(M*3/k)(l—exp(—2kch)). Under the basic ‘naturalness’ assumption As, ~ M, ~k, needed to
avoid further fine tunings, for kR, ~11 the geometry of Eq. (5) implies that the mass spectrum on the Planck brane, of

the 10" TeV order, can on the TeV brane where SM particles live and interact, be exponentially ‘warped’ down to the
effective scale A =p7,exp(—kmR,) of the one (or few) TeV order. Interestingly, this brings gravitational effects into
the reach of LHC. Junction conditions on the graviton field at the branes y -positions imply the existence of a tower of

spin-2 graviton excitations, 4"

w » With a specifically spaced mass spectrum M, =x, kexp(—knR,) in the TeV range ( x,

are the roots of J,(x,)=0). Denoting by 7" the SM energy-momentum tensor, and by hﬁg’ the zero-mode, ordinary,

graviton, the couplings of graviton excitations to the SM particles are only (1/ A ) suppressed (not 1/ 37, ):

Ly =~ ihﬁs)(ﬂ +ALZ:, hﬁﬁ)(X)} T (x). Q)
The RS model can be conveniently parameterized by the mass of the lowest graviton excitation M, =M, , the only one
presumably in the reach of LHC, and the ‘universal’, dimensionless, coupling constant ¢ =4k /s, . The scale A, and
the (narrow) widths T, =pM x’c* (with p =0.1), are then derived quantities. Theoretically ‘natural’ ranges expected
for these parameters are 0.01<c<0.1 and A, <10 TeV. Current 95 % limits from ATLAS and CMS experiments are,
atthe 7 TeV, 5 fb ' LHC [11,12]: M, >910 GeV (¢=0.01)upto M, >2160 GeV (c=0.1).

Heavy neutral gauge bosons. The spin-1 hypothesis is in process (1) realised by ¢g annihilation into lepton pairs
through Z  intermediate states [2]. Such bosons are generally predicted by electroweak models beyond the SM, based
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on extended gauge symmetries. Generally, Z* models depend on M , and on the left- and right-handed couplings to
SM fermions. Further results will be given for a popular class of models for which the values of these couplings are
fixed theoretically, thus only M, is a free parameter. These are the Z,, Z,, Z,, Zy, Z,; models, and the
‘sequential’ Z;SM model with Z  couplings identical to the Z ones. Current experimental lower limits (95 % CL) on
M, depend on models, and range from 2260 GeV for Z‘;, up to 2590 TeV for Zg,, [13]. The leading z-even angular
distributions for the LO partonic subprocess gg — Z — [*I” has the same form as the SM and, therefore, the resulting
Ay is the same for all Z' models.

R -parity violating sneutrino exchange. R -parity is defined as R, =(—1)**"*"* and distinguishes particles from

their superpartners. In scenarios where this symmetry can be violated, supersymmetric particles can be singly produced
from ordinary matter. In the dilepton process (1) of interest here, a spin-0 sneutrino can be exchanged through the

subprocess dd —V — [*1~ and manifest itself as a peak at M = M, with a flat angular distribution [3]. Results on
next-to-leading QCD orders available in the literature indicate the possibility of somewhat large K -factors, in
particular due to supersymmetric QCD corrections. Besides M, the cross section is proportional to the R -parity
violating product X = (L")’ B, where B, is the sneutrino leptonic branching ratio and A" the relevant sneutrino coupling

to the dd quarks. Current limits on the relevant A's are of the order of 107, and the experimental 95 % CL lower
limits on M, range from 397 GeV (for X =107") to 866 GeV (for X =107) [14]. We take for X , presently not really
constrained for sneutrino masses of order 1 TeV or higher, the (rather generous) interval 10~ < X <107 .

Model for scalar particle exchange. For the process with diphoton final states we consider the simple model of a
scalar particle S, singlet under the SM gauge group and with mass M =M of the TeV order, proposed in Ref. [4].

The trilinear couplings of S with gluons, electroweak gauge bosons and fermions, are in this model:

2 2 2
X X m, —
Ly =6, 22GLG™ S+, W WS + ¢, 5B BYS+> ¢, ~LT [ S. 7)
A A A ~"IA

In Eq. (15), A is a high mass scale, of the TeV order of magnitude, and c¢’s are dimensionless coefficients that are
assumed to be of order unity, reminiscent of a strong novel interaction. Following Ref. [4], we assume A =3 TeV and
allow the coefficients ¢, to take values equal to, or less than, unity. The leading order diphoton production process is in
this model dominated by the s-channel exchange gg — S — yy. Numerically, it turns out from the cross section that
there exist a ‘confusion region’ of the c¢’s where scalar diphoton states can be produced with same mass M and
number of events as the RS gravitons, and the width T’y comparable to (or smaller than) the mass window AM . The
difference lies in the differential cross section, which in this case has the flat z -behaviour.

4. Spin identification with center-edge asymmetry

The nonstandard models briefly described in the previous section can mimic each other as sources of an observed
peak in M, for values of the parameters included in so-called ‘confusion regions’ (of course included in their respective
experimental and/or theoretical discovery domains), where they can give same numbers of signal events N . The

M, - N, plots in Fig. 1 show as an example ‘confusion regions’ between spin-2 graviton and spin-0 sneutrino, spin-1

Z' for dilepton process and spin-0 scalar for diphotons. The number of events needed for 5-c discovery at the 8 TeV
LHC with luminosity Z,, =20 fb ' and current limits on RS resonance obtained from 7 TeV LHC data are also shown.

In such confusion regions, one can try to discriminate models from one another by means of the angular distributions of
the events, directly reflecting the different spins of the exchanged particles. We continue with the examples of
confusion regions in Fig. 1 and start from the assumption that an observed peak at M =M, is the lightest spin-2

graviton (thus, M, = M ;). We define a ‘distance’ among models accordingly:

MG = AG— AL and A = AG — A ®
To assess the domain in the (M ;,c ) plane where the competitor spin-1 and spin-0 models giving the same N, under

the peak can be excluded by the starting RS graviton hypothesis, a simple-minded %’ -like criterion can be applied,

which compares the deviations (8) with the uncertainty (statistical and systematic combined) 84, pertinent to the RS
model. We impose the two conditions

. 2
Xz = (AAgEV / 8Ag}s) > Xf?L' ©
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pp=R-/*"+X, NLO, LHC @ § TeV, 20 fb

pp~R-yy+X, NLO, LHC @ 8 TeV, 20 fb!
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Fig. 1. Number of resonance (signal) events N, vs M, (R=G) at the LHC with Js =8 TeV and L, =20 fb~" for

the process pp — G —I"l" + X (left panel) and pp — G — yy+ X (right panel). The shaded area corresponds to the
KK graviton signature space for 0.01 <¢ <0.1. Current experimental limits, 56 discovery level and minimal number of

events for RS graviton identification are also shown.
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Fig. 2. Discovery and identification on RS graviton

Eq. (18) contains the definition of %, and the g,
specifies a desired confidence level (3.84 for 95 % CL).
This condition determines the minimum number of
events, N, needed to exclude the spin-1 and spin-0
hypotheses (hence to establish the graviton spin-2), and
this in turn will determine the RS graviton identification
domain in the (M, c) plane. Of course, an analogous

procedure can be applied to the identification of Z  and
V exchanges against the two competing ones as sources
of a peak in process. In process for RS graviton
identification exploiting the same procedure one needs to
exclude spin-0 only, since spin-1 resonance is forbidden
by Landau-Yang theorem. Fig. 2 shows the identification
domain for the RS graviton excitation, foreseeable from

both the diphoton and the dilepton events, at the 8 TeV
LHC with luminosity 20 fb'. Specifically: the regions to
the left of the ‘Discovery’ lines are discovery domains at 5c; the identification domains at 95 % CL are to the left of the
‘ID’ lines; the line ‘LHC (7 TeV)’ represents the current experimental lower limits from the 7 TeV LHC, the curve
‘LHC (7 TeV)’ delimits the ‘allowed’ region from below; the line ‘oblique corrections’ represents constraints (from
below) from a fit to the oblique EW parameters. The Table represents the discovery (56) and identification (95 %)
reaches on RS graviton at the 14 TeV LHC with luminosity 100 fb". In conclusion, the Table shows that the y’-based
angular analysis of dilepton and diphoton events described here can at the 14 TeV LHC provide identification limits on
the RS graviton resonance ranging from M, =2.0 TeV (¢ =0.01) up to M, =3.3 TeV (¢ =0.1).

at the 8 TeV LHC with luminosity 20 fb .

Discovery and identification reaches (in TeV) on RS
graviton for 14 TeV LHC with L, =100fb™.

While, as one can see from Fig. 2, the spin angular
analysis of RS graviton with the 8 TeV LHC and

luminosity 20 fb™' is not possible, but it still leaves some
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c Discovery | Identification room for RS graviton resonance discovery up to

pp—oIT+X M, =25TeV for ¢=0.1. The diphoton and dilepton

0.01 2.5 1.6 channels can be considered as being complementary for

0.1 4.6 3.2 both discovery and identification. The combination of

oYX their angular analyses, and the branching ratios

0.01 25 2.0 prediction Br(yy)/Br(/*I")=2, should provide reliable
0.1 4.3 33 method for identification of the RS graviton model.
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SEARCH FOR ASSOCIATED HIGGS BOSON PRODUCTION
WITH A W OR Z BOSON AND DECAYING TO A bb PAIR WITH THE ATLAS DETECTOR

Y. Pylypchenko (on behalf of the ATLAS collaboration)
University of lowa, lowa City, lowa, USA

A summary of the ATLAS search for Higgs boson decaying into a pair of b-quarks and produced in association with

W or Z boson is presented. No evidence of H — bb signal is observed in Js=7 Tev proton-proton collision data
collected by the ATLAS detector in 2011 LHC run, corresponding to 4.7 fb™ of integrated luminosity. The upper limits
on Higgs boson production cross-section are reported for the mass range between 110 and 130 GeV.

1. Introduction

In the Standard Model (SM) of elementary particles the origin of the mass is explained by the Higgs mechanism,
which also predicts the existence of the Higgs scalar boson. The search for the SM Higgs boson is one of the main goals
of the ATLAS experiment [1] at the Large Hadron Collider (LHC) [2].

Recently, ATLAS reported a conclusive evidence of anew particle with mass 126 + 0.4(stat) + 0.4 (syst) GeV using
the combination of data recorded during 2011 in Js =7 Tev proton-proton collisions, corresponding to 4.8 fb™, and

early 2012 datarecorded in Js=8Tev proton-proton collisions, corresponding to 5.8 fb™ [3]. The observed decaysto a
pair of vector bosons indicate that the new particle is a neutral boson. Within the experimental uncertainties the
observed new particle has characteristics that are compatible with the expectations for SM Higgs boson. However, at
present a wide variety of interpretations of the observed signal are still possible. Combining the results from al the
search channels ATLAS excluded SM Higgs bosons with masses outside a narrow range near the observed signal. The
decaysto SM fermions have not been observed so far.

Here, we present a summary of the results of the ATLAS search for associated Higgs boson production with aW or

Z and decaying to bb, in three channels, WH — Ivbb, ZH —I*I"bb (where | = e, u) and ZH — vvbb, using the

data collected by ATLAS during 2011 in proton-proton collisions at Js=7 Tev, corresponding to 4.6 - 4.7 fb*
depending on the search channel [4]. The production of Higgs boson in association with a vector gauge boson W or Z is
used in order to discriminate against the large multi-jet background.

2. The ATLAS Detector

ATLAS is one of the two large multipurpose detectors built at the LHC to explore physics at the TeV scale [1]. It
consists of severa detector subsystems. Closest to the interaction point is the Inner Detector (1D), the charged particle
tracker immersed in a2 T axial magnetic field provided by a superconducting solenoid magnet. The ID comprises three
different technologies. Pixel detectors, SemiConductor Tracker (SCT) based on silicon micro-strip detectors and a
straw-tube tracker with transition radiation detection capacity (TRT). The ID provides the reconstruction of charged

particle tracks within a pseudorapidity range n|< 2.5,
The high granularity liquid argon (LAr) electromagnetic calorimeters surround the ID. The electromagnetic
calorimeter is divided into a central barrel (|n| <1.475) and end-cap (1.375<|nk 3.2) parts. In the regions adjacent to

the inner detector (|n| <2.5), itisradialy segmented into three layers, to facilitate e/y from n° separation and to provide

required resolution of the electromagnetic shower position and direction measurements. In the region of |n| <18, a
presampler detector is placed in front of the electromagnetic calorimeter in order to correct for the upstream energy
losses. The electromagnetic calorimeters are in turn surrounded by hadronic calorimeters. An iron-scintillator tile
calorimeter provides coverage in the central region of |n|<1.5, while the region of 1.5<[n|<3.2 is covered by a LAr

hadronic end-cap calorimeters. The forward regions (3.2 < |n| <4.9) are instrumented with LAr calorimeters for both

electromagnetic and hadronic measurements.

The outermost system of the ATLAS detector is the Muon Spectrometer (MS) which relies on a set of massive
superconducting air-core toroid magnets. The M S utilizes a system of precision tracking chambers and fast detectors for
triggering.

Electron candidates are reconstructed from energy deposits in the electromagnetic calorimeters and are required to

! ATLAS uses a right-handed coordinate system with its origin a the nominal interaction point. The
counterclockwise beam direction defines the z-axis, the positive x-axis points towards the center of the LHC ring and
the positive y-axis points upwards. Cylindrical coordinates (r, ¢) are used in the transverse plane with respect to the
beam, and the pseudorapidity n is defined in terms of the polar angle 6 asm = -In tan(6/2).
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pass identification criteria based on the shower shapes. Muons are seeded from the measurements in the MS.
The combination of al systems provides charged particle measurements together with efficient and precise lepton

(e, 1) and photon identification in the pseudorapidity range < 2.5.
Energy deposits measured in the whole acceptance range (|n|<4.9) of the calorimeter system are used to
reconstruct jets and missing transverse energy, E"*.

3. Event Selection

The event selection utilizes a robust cut-based approach and is driven by the final state topologies of the search

channels. Selected events are required to have one or two high-transverse momentum lepton (e or p), or large missing
transverse energy.

In all channels, events are required to contain exactly two jets consistent with the b-quark hadronization (b-jets), one
of which with reconstructed transverse momentum p, >45 GeV and the other with p, >25 GeV. To identify ajet as
ab-jet, asingle discriminant o is calculated based on the information from the secondary vertices reconstructed using
the ID tracks associated to the jet as well as impact parameter information of the associated tracks [5]. The applied
selection cut on o corresponds to a 70% efficiency for b-jet identification and have a rejection factor of about 5 for jets
originating from c-quark hadronization and a rejection factor of about 130 for jets due to u-, d-, s-quark or gluon [5].

Additional cuts that are applied in order to suppress background processes which can mimic signa events, are

described in details in [4]. Significant sources of background include top production (tt and single top), production of
W or Z boson in association with one or more jets (W+jet, Z+jet), di-boson production (WW, WZ and ZZ) and, in case

of WH — Ivbb channel, multi-jet production.
The search for H — bb decays is performed by looking for an excess of events above the background expectations

in the invariant mass distribution of the b-jet pair, mbb (Fig. 1). The background rates are estimated by using both
data-driven techniques and from Monte Carlo simulations [4].
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To increase the sensitivity of the search, the mbb distribution is examined in bins of the vector boson transverse
momentum, pY (V =W, Z). The expected signal is characterized by arelatively hard p) spectrum, such that the signal
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to background ratio increases with the transverse momentum of the vector boson. p; is reconstructed from the lepton

and E™ in the WH — Ivbb channel, from the two leptons in the ZH —I*1"bb channel and from E™ in

ZH — vvbb channel.
In the WH — Ivbb and ZH — "I "bb channels, there are four pY bins: 0 GeV < p} <50 GeV, 50 GeV < py <
<100 GeV, 100 GeV < p) <200 GeV and py >200 GeV. In the ZH — vvbb channel, three p; bins are defined:

120 GeV < pY <160 GeV, 160 GeV < p} <200 GeV and p; >200 GeV. The numbers of the observed events in each

Py bin (Ngas) arelisted in Table 1 for the three search channels. The expected numbers of the signal events (Nggna) and
the corresponding estimations for the background (Npacground) &€ also presented in Table 1 [4].

4. Systematic Uncertainties

The systematic uncertainties related to the signal and background yields arise from b-tagging efficiency and
mistagging rate, from uncertainties associated with jet and E™ reconstruction, from lepton reconstruction and

identification uncertainties, from integrated luminosity measurement as well as due to the overlaid collision events
(pile-up). Additional uncertainties arise from the theoretical predictions on the SM Higgs boson inclusive cross-section,

from background normalizations and the modeling of mbb and p; distributions.

The number of the observed, smulated signal and estimated background eventsin each p/ bin

for the WH — Ivbb, ZH — I*I"bb and ZH — vvbb search channels.
Therelative systematic uncertainties on the hypothesized signal and estimated total background yields
ar e also shown. The simulated signal correspondsto a Higgs boson mass of my = 120 GeV.

The number of eventsis shown in the full signal region defined asmbb e [80 GeV, 150 GeV] [4].

1 i 0,
p\T/ bin (GeV) Nsignal Nbackground Ndata Zzﬁi; atic UTCH?;:EIQE, gf}nd

WH — Ivbb search channel

0-50 50+0.6 596 + 23 614 114 3.9

50- 100 51+0.6 598+ 16 588 10.8 2.7

100 - 200 3.7+04 302+ 10 271 11.0 34

>200 1.2+0.2 27+5 15 16.0 19.6
ZH — "I bb search channel

0-50 1.3+0.1 148+ 10 141 10.1 6.9

50- 100 1.8+0.2 150+ 6 163 9.1 4.3

100 - 200 16+0.2 67t4 61 9.6 6.6

>200 04+0.1 69+1.2 13 16.5 17.3
ZH — vvbb search channe

120 - 160 20+0.2 85+ 8 105 11.8 9.7

160 - 200 1.2+0.1 32+3 22 114 10.6

>200 15+0.2 20+ 3 25 13.4 16.0

For al channels, the uncertainty on the b-tagging efficiency, which varies between 5 % and 19 % depending on b-jet
p; , and the uncertainty on b-jet energy calibration, which varies between 3 % and 14 % depending on the jet p, and

7, are the leading uncertainties related to the detector performance. The largest non-instrumental contributions are from
the top, Z+jet and W+jet background normalizations (2 - 5%), and Monte Carlo predictions (<15 %). The total
systematic uncertainties on background and signal yields are summarized in the Table [4].

4. Results

The search is performed for five Higgs boson mass hypotheses in the range between 110 GeV and 130 GeV. The

signal hypothesis is tested using a fit to the mbb distribution in the range 80 GeV < mbb <150 GeV. For each mass
hypothesis a one-sided upper limit is placed on the ratio of the Higgs boson production cross-section to its SM value,
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o/ogy, a the 95 % confidence level. The exclusion limits are derived from the CLg [6] treatment of the p-values

computed with the profile likelihood ratio [7] using the binned mbb distribution.
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Fig. 2. Expected (dashed line) and observed (solid line) exclusion limits for WH — Ivbb (upper left), ZH — ' bb

(upper right) and ZH — vvbb (bottom left) channels expressed as the ratio to the SM Higgs boson cross-section, using
the profile-likelihood method with CL.. The dark (green) and light (yellow) areas represent 16 and 2c ranges of the
expectations in the absence of a signal. The 95 % confidence level exclusion limits obtained from the combination of
the three channels are shown on the bottom right plot [4].

The resulting exclusion limits on 6/cgy are plotted in Fig. 2 for each hypothesis of Higgs boson mass. The observed
upper limits range between 3.3 and 5.9 for WH — Ivbb channel, 7.7 and 14.4 for ZH — 11 bb channel and between

3.7 and 10.3 for the ZH — vvbb channel, depending on the Higgs boson mass. The combined exclusion limit for the
three channels ranges from 2.5 to 5.5 times the SM Higgs boson cross-section, depending on the Higgs boson mass. The
limits include systematic uncertainties which weaken the estimates by 25-40 % depending on the search channel.

4. Conclusions

The achieved sensitivity, in terms of the ratio to the SM Higgs boson production cross-section, expressed as the
exclusion limit at 95 % confidence level, varies in the mass range 110 GeV < my< 130 GeV between 2.5 and 5.5,
depending on the mass hypothesis. The expected exclusion limits range between 2.5 and 4.9 for the same mass interval.

The current LHC run will continue until early 2013 and it is expected to deliver 20 fb™* data to ATLAS, at

Js= 8 TeV. With the larger dataset and improved analyses in WH — Ivbb, ZH —1*1"bb and ZH — vvbb
channels, ATLAS is expected to be able to constrain the branching ratio of the important decay of SM Higgs boson to a

bb pair.
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GLUON LOOPS IN THE INELASTIC PROCESSES IN QCD

|.V. Sharf!, K.K.Merkotan®, N.A. Podolyan®, D. A. Ptashynskyy*, A.V. Tykhonov?,
M. A. Deliyergiyev?, G. O. Sokhrannyi', V. D. Rusov*?

! Department of Theoretical and Experimental Nuclear Physics,
Odesa National Polytechnic University, Odesa, Ukraine
2 Department of Experimental Particle Physics, Jozef Stefan Institute, Ljubljana, Sovenia
% Department of Mathematics, Bielefeld University, Bielefeld, Germany

It is shown that inelastic process of the exchange with two massless gluons is formally equivalent to the process of
the exchange with one massive particle. Thus, using the Laplace’s method, a new mechanism of mass generation in
inelastic processes is discovered, which is described by the non-Abelian gauge theory. Furthermore, it is shown that in
the QCD perturbation theory, the same mechanisms of cross-sections growth take place, similar to the ones discovered

before in the effective scalar theories.

1. Introduction

R

A A

b oo :‘: ]"pl

»

"

Fig. 1. The simplest diagram of the inelastic scattering
with gluon loops.

In previous works [1 - 5] the permissibility of
applying the Laplace’s method to calculation of the
inelastic scattering cross-sections has been demonstrated
on the example of Feynman diagrams for effective scalar
field theories. The aim of the work is the application of
this method to a more realistic theory, i.e. QCD. The
simplest diagrams of the inelastic scattering which gives
a non-zero contribution to scattering amplitude are the
diagrams with gluon loops, shown in Fig. 1. The detailed
proof of this statement is given in Ref. [6].

The further simplification is that the diagrams in Fig.
4 correspond to the analytical expressions, which are the
product of multipliers that are matched to each of two
proton units (top and bottom in Fig. 1) and also a
multiplier, that is matched a set of gluon loops (Fig. 2).

Fig. 2. Inside part of diagram in Fig. 4, which contains a set of gluon loops.

1 K

Fig. 3. Four-momentum lines of a gluon loop.

It allows exploring and maximizing modulus of these
multipliers separately. In addition, an expression that is a
product of multipliers, each of which corresponds to the
single gluon loop, corresponds to the part of the diagram
in Fig. 2. The integration by four-momenta that circulate
through loops can also be performed separately from
each other.

The aim of this work is to find the maximum point of
the scattering amplitude modulus squared and to study its
properties for the inside parts of the diagram (Fig. 1),
shown in Fig. 2.

2. Calculation of the gluon loop integral

According to Feynman’s diagram technique, up to a
constant term, the expression corresponding to the gluon
loop (Fig. 3) has the form:
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1 1 1
A=|d* - . 1)
J q(K—q)2+ieq2+|8(q—p)2+ie (
Hereinafter the sum is denoted by p
P=p,*+h,- )

Similarly to what has been proved in Ref. [1] we can show that the scalar squares of four-momentum K, entering each
gluon loop, are negative.

Applying the Feynman identity to Eq.(1), and performing the transformation, it can be reduced to a two-dimensional
integral over the triangle AABC of the Fig. 4, &

i 1
=— 7 [[ ooy, : o
P ke _\F +EP \F —Lyat- L] -b \F Ly ] vdve
3V e TR 6 AN R
where
2
b_(Kp)Z_szz d—l (Kp_KZ) e pZ(Kp_Kz) N
() Alkey =K 2((kp) -K?p?)
13 1) AI ........... v,
(5 5) !
:
ALJE_—%\ ! 1‘0\
a b

Fig. 4. The domain of integration: a - for Eq. 3; b - for Eq. 6.

As one can see from Eq. (4), considering the negativity of scalar square of four-vector K , entering the loop (see Fig. 3),
we have b>0. That means the quadratic form in the denominator of the integral (3) is the difference of squares.

Therefore, for the further calculation of the integral (3), it is convenient to pass to new variables

2 Kp( (1 1 1 1 1 1 1
u= —,/— +— ,/— ——VY,+=|-—|=Vb| =y, ——=Y,+=—1 |,
[ 3y1 pz[ 6y1 \/Eyz 3J 6} \/_[ 6y1 \/5 yz 3 ]

2y ke, Lo 1)1 1,1, .1
V—( \Eyﬁpz[ i ﬁyz+3] 6]+%{\f6y1 %73 IJ- (5)

In these variables, instead of expression (3) we get:

~1i 1
Az oo || dudv——y——, (6)
) (Kp)z—szz ARBC Uuv+C +1¢€
where the following notation is used:
2
= KUK=P) %
4((Kp) - p’K?)

The triangle AABC maps on the triangle which is shown in Fig. 4, b. Furthermore, the coordinates of vertices C and B
of the triangle fig.4a are expressed through the outer four-momentum of loop in Fig. 3:
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11 Kp-K”* 1 Kp-K”*
UC:E-'-E pz — >O’V°=E 1- Ij - <0,
( (Kp) -K?p ) \/(Kp—Kz) -K*(K-p)
1 1 (Kp-K? 1 1 (Kp-K?
UB:—E+2 ( > ) :—VC>0,VB=—E—5(2—)<O. (8)
V(Kp)' -K7p’ (Kp) - K°p?
The expression for the coordinate v, can be written in the form:
2 2\? 2 2
[K -(K-p)" | [K+(K-p)
1| K2=(K-p)’ P’ o
Va=3 e, ol ©)
p 1_2[K2+(K_p)2J+(K2_(K_p)2J
2 pZ

2 2
Taking into account the negativity of K and (K-p), one can see that second term in Eq. (9) is positive. After the
calculation of the difference of two squares terms in parentheses, we get:

2

K> —(K-p)’ 2_ K2 +(K-p)’
P’ P’ _(Kz—(K—p)ZJZ=4K2(K—p)2>0
|_of KH(K=p)" ) [K*=(K-p) 2 2 (»)
p’ p’

p
For this we draw a conclusion that the absolute value of second positive term in parentheses Eq. (9) is greater than the
first one. Therefore, in spite of the sign of the first term, we have v, > 0.

(10)

The expression for the coordinate u, has the form:

Kz—(K—p)2]2_£K2+(K—p)2J

1| K2 =(K-p)’ [ P’ p’
R i el ) : (11)

2 p 1_2[K2+(K_p)2J+(Kz_(K_p)2]2

2 p2

which differs from the Eq. (9) for v,only by its sign. Now, the largest modulus in the parentheses of (11) is negative.
Therefore u, <O0.

c* As will be shown below, the Jacobian of the
w7y transformation (5) plays a significant role for each of the
loops Fig. 5. The expression for the Jacobian of this
transformation has the form

A(uv) 2 |(Kp) -Kp’
J= == . 12
I(Y,Y,) 3 p’ 12

ty

Let’s consider the further calculation of the integral
(6). The real part of the denominator of the integrand
expression in (6) turns to zero along the hyperbola

u+c’=0. (13)
Fig. 5 The relative position of the integration domain in

Eq. (6) and hyperbola Eq.(13), on which the real part of Inserting Egs. (8), (9) and (11) into this expression
the denominator in Eq. (6) changes its sign. demonstrates that the hyperbola includes all three
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vertices of the triangle AABC in Fig. 4, a (see Fig. 5). As a result, within the region, bounded by the segments AB
and AC and the arc of hyperbola BC , one gets the inequality

w+c’ >0, (14)
and in the region between the arc BC and segment BC :

uv+c* <0. (15)

Hence, due to the presence of region, in which the relations (15) take place, multiplier A, which corresponds to
each loop in Fig. 2, and which is expressed by Eq. (6), has a nonzero imaginary part. It can be represented as follows:

2
AZI%A,, Im(A’)=+“ln(u—Cj,
(Kp) —K?*p" %

Re(A’)=;{Tlln(wjdu+ifdu&ln(wn. (16)

(Kp)z—sz2 5 Y kAB(u_uB) (U_UB)
Here K,z and k,. denote the angular coefficients of the lines AB and AC in Fig. 5.

The expression (16) includes one-dimensional integrals, which can be calculated numerically. This allows to
numerically calculate the multipliers, each of which corresponds to one of the loops in Fig. 5, and to numerically

maximize the square modulus of their product. The maximization procedure is described in details in Ref. [6]. Its main
results are given below.

3. Theresults of numerical maximization.

The results of the numerical maximization of the squared modulus of scattering amplitude Fig. 2 appeared to be very
similar to the results for the diagram in simple scalar models, obtained in [1, 5]. In particular, as shown in Ref. [6], the

magnitude of scattering amplitude squared modulus in the point of maximum increase with the growth energyx/g , and
the rapidities in the point of maximum produce an arithmetic progression.

The values of K* for different loops (see Fig. 4) are given in Fig. 6 with respect to the index of gluon loop. These
are calculated using the rapidities at the point of maximum for different Js.

09
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2

Fig. 6. The scalar square of four-momenta K_ , entering the loop in Fig. 4 (herewith, the loop containing the a-th vertex

is labeled as “a-1”) as a function of number of loop at different energies Js.

These graphs are quite similar to the ones in Fig. 6 of Ref. (Sharf, et al., Description of Hadron Inelastic Scattering
by the Laplace Method and New Mechanisms of Cross-section Growth, 2011), obtained for the simplest multi-
peripheral "comb" diagrams in ¢’ theory. The origin of the analogy between the model, based on the diagrams with
loops in QCD, and the one based on loop-less diagrams in ¢” theory can be explained from the following concerns.

At the numerical maximization it has been observed that the outcome only slightly differs from the one, which
would have been obtained if the multiplier corresponding to each loop Eq. (16) would be replaced with the expression
for the inverse Jacobian only Eq. (12). This expression enters Eq. (16) as a factor in front of the integral in the real part,
and before the logarithm of the imaginary part. Above illustrated graphs are shown in Fig. 7.

654



n=15,fs=7GeV 1=15,15=25GeV =15 ds=100GeV

—o—full amplitude 34 —4—full amplitude

084 : . '
:\‘ —4— the product of the Jacobian ¢ —+—full amplitude ——the product of the Jacobian

061 \ a ‘\ —4—the product of the Jacobian

044

024

~

004 0 ) 04
>t > R > A
0,24 \ \
1
144 24
N 1
06 \‘\ 29 \\’“
BN 1
18- a 44
34
10 T T T T T T T T T T T T T T T T T T T T T T T T T T T
0 2 4 6 8 10 122 u 1 0 2 ¢ 6 8 0 R M 1 0 2 4 6 & W 1 # 1
a a a

Fig. 7. Comparison of the results of maximization the total amplitudes (circles)
and the products of Jacobians only, given at different energies.

Thus, instead of the full scattering amplitude, with good accuracy one can maximize the logarithm of the product of
the Jacobians. Dropping out the multipliers and the constant summands, which are irrelevant to the maximization, this

logarithm can be reduced to the form:
N
r 2
AZ—ZIH((KBH pa) _Kaz—l pa2)~ (17)
a=1
As shown in Fig. 7 in the vicinity of the point of maximum the values K. are almost equal between themselves.
Namely
2
Ko = (Ka=Pa) - (18)
Consequently

p2
(KirPa) =52-=2, (19)

Here the mass-shell condition is taken into account, and momenta are nondimensionalized with mass of secondary
particle.
These considerations are confirmed by the results of the direct calculation of the values (K, , p,), given in Ref. [6].

Given the approximation (19) instead of (17) we get:

N

A=-NIn(4)-Y In(1-KZ ). (20)

a=1

This expression up to the first term, which is nonessential for the maximization, coincides with the expression that
occurs in the simplest version of @ theory for the "comb" diagrams, and which was previously employed in Refs. [1-5].

4. Conclusions and discussion

The main conclusion from the above results is that the inelastic process of exchange with two massless gluons in
QCD (see Fig. 6) is equivalent to exchange with one massive particle in a scalar ¢ theory. However, we by no means
employ the features of QCD, i.e. such an outcome will occur in any arbitrary non-Abelian gauge theory, which features
the massive secondary particles.

Moreover, as one can see from Ref. [6], within the considered model, the mechanism of cross-sections growth,
which was discovered earlier for the effective scalar theories [2, 5], remains. The essence of this mechanism is as
follows.

The scalar square of each four-momentum K_, is negative. This means that the three-dimensional momentum,

is equal to the square

which runs through the loop, can’t be reduced to zero in any reference frame. The value of |K:_1

of this three-dimensional momentum in the reference frame, in which the momentum is minimal. According to the
uncertainty relation, the smaller is this momentum the bigger is the spatial region, in which one can find during the
measurement the particles involved in the process, described by loop in Fig. 2, or the particle that transfers the four-
momentum K__, along the scalar “comb”. The growth of this region defines the growth of scattering cross-section of

initial particles.
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Closing remarks

Five days of the 4-th International Conference on “Current Problems in Nuclear Physics and
Atomic Energy” passed quickly.

NPAE-Kyiv2012 Conference covered the following topics:

Collective processes in atomic nuclei;

Nuclear reactions,

Nuclear structure and decay processes;

Rare nuclear processes;

Neutron and reactor physics, nuclear data;

Problems of atomic energy;

Applied nuclear physics, experimental facilities and detection techniques,
High-energy physics.

These topics are closely related to the researches which are carried out in the Institute for
Nuclear Research of the National Academy of Sciences of Ukraine, Kyiv and in the Department of
Physics of Taras Shevchenko National University of Kyiv. The large variety and richness of
subjects ranged from applied nuclear physics (reactors, neutron physics, application of nuclear
techniques in medicine, data acquisition, etc.) to the subjects of pure nuclear physics (nuclear
reactions, nuclear structure, neutrino physics, etc.) and to the fundamental high-energy physics
(compressed baryonic matter, dibaryons, hadronic fireball, etc.) have been presented by the
Conference participants.

175 participants from 20 countries were registered. 136 ora reports (19 plenary and 117
section reports) and 44 posters were presented during the Conference. So, the multinational
audience consisted of the outstanding specialists from various nuclear physics directions. The
participants may extend scientific horizon due to very broad scope of the Conference topics. We
hope new ideas will be inspired due to interdisciplinary interplay. Nuclear power will be the
important component of our electricity generation during the 21% century, and therefore, nuclear
physics, nuclear engineering and nuclear fundamental researches will have the significant role in the
nearest future. We hope that informal contacts of participants induce future collaborations
concerning different fields of scientific researches.

During the Closing ceremony we hear nice words from Prof. Rita Bernabel (INFN &
University of Roma 2), Prof. Sarkis Karamian (JNR, Dubna), Prof. Jan Toke (University of
Rochester, Rochester), Prof. Adam Sobiczewski, (Warsaw University, Warsaw), Prof. Peter Ring
(TU Minchen).

We are closing the Conference with fruitful scientific results and useful discussions.

We hope that participants spent nice time in Kyiv. There were possibilities for scientific
discussions, refreshments and time to see very ancient city, Kyiv, city with rich history.

We wish everyone a safe journey home.

Thank you all for participation. Hope to see you at our next meeting!
Ivan M. Vyshnevskyi

Chairman of the NPAE-Kyiv2012 Conference,
Director of the Institute for Nuclear Research
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