arXiv:1306.4217v1 [hep-ph] 18 Jun 2013

Elastic scattering of protons from √ s = 23.5 GeV to 7 TeV from a generalized Bialas-Bzdak model^∗

T. Csörgő^1 1 Wigner Research Centre for Physics, Hungarian Academy of Sciences H-1525 Budapest 114, P.O.Box 49, Hungary

F. Nemes^{1,2} 2 Institute of Physics, Eötvös University Pázmány P. s. 1/A, H-1117 Budapest, Hungary

Abstract

The Bialas-Bzdak model of elastic proton-proton scattering is generalized to the case when the real part of the parton-parton level forward scattering amplitude is non-vanishing. Such a generalization enables the model to describe well the dip region of the differential cross-section of elastic scattering at the ISR energies, and improves significantly the ability of the model to describe also the recent TOTEM data at √ s = 7 TeV LHC energy. Within this framework, both the increase of the total cross-section, as well as the decrease of the location of the dip with increasing colliding energies, is related to the increase of the quark-diquark distance and to the increase of the “fragility” of the protons with increasing energies. In addition, we present and test the validity of two new phenomenological relations: one of them relates the total p+p cross-section to an effective, model-independent proton radius, while the other relates the position of the dip in the differential elastic cross-section to the measured value of the total cross-section.

∗ Dedicated to the 70th birthday of Karsten Eggert, outgoing Spokesman of TOTEM

INTRODUCTION

Diffractive scattering of energetic electrons on various nuclei allowed Hofstadter and collaborators to determine the radius and the surface thickness of electric charge distribution inside the nuclei, and also resulted in two simple phenomenological formulae: namely, that the charge radius scales with increasing mass number as (1.07 ± 0.02)×A^{1/3} fm, while the surface thickness, within the errors of the observation, is a constant of (2.4 ± 0.3) fm [1]. By increasing the momentum of the elastically scattered particle one can probe deeper and deeper details of matter, due to the de Broglie duality λ = ℏ/p between particle properties like momentum p and wave-like properties like wavelength λ. To resolve the internal charge distribution inside atomic nuclei, Hofstadter and colleagues used electrons with bombarding energies of E = 153 − 183 MeV, corresponding to spatial resolutions of λ ≈ 1 − 2 fm. Currently, elastic scattering of protons on protons has been experimentally investigated by the CERN LHC experiment TOTEM, at the colliding energies of √ s = 7 TeV, corresponding to a spatial resolution in the center of mass system of λ ≈ 0.05 fm, which is sufficiently small to study the internal structure of protons.

In the present paper we exploit these experimental results and check how far can one progress with the qualitative as well as quantitative description of the differential cross section of elastic proton-proton scattering at ISR as well as at CERN LHC colliding energies, covering an impressive range from √ s = 23.5 GeV to 7 TeV. Our investigations were motivated not only by the first experimental results of TOTEM on elastic proton-proton collisions [2, 3], but also by an inspiring series of theoretical papers by A. Bialas and A. Bzdak [4–7], that considered pion-proton, proton-proton and nucleus-nucleus scattering using a geometrical picture.

In the present investigation, following and improving the model of Bialas and Bzdak [4– 7] a quark-diquark based geometrical model is used to describe the ISR and the recent LHC TOTEM data. We will refer to this Bialas Bzdak model as the BB model or BB, for convenience.

Note also that a diquark or correlated quark-quark structure has to be considered, given that a similar model with three independent, uncorrelated constituent quarks was not able to describe the elastic pp scattering data, as pointed out already in Ref. [8].

By definition, the earlier considered BB model has no real part, and consequently it is singular at the diffractive minimum. The diffractive minimum, the dip, was first seen in the data collected with the CERN Intersecting Storage Rings (ISR) [9, 10]. The TOTEM data shows that the dip is shifted towards smaller |t| values at √ s = 7 TeV, consequently with smaller experimental errors, and these data also exclude a possible vanishing value of the differential cross-section at this dip position.

Therefore to describe the data, including the dip, is a challenging task. We were able to fit the singular BB model to the ISR data only in the case, when 3 data points were left out from the data at the dip, and even this did not help at LHC energies: the BB model simply failed in the dip region of TOTEM data [11]. A recent study [12], which extended the parton approach, using gluon cascades, from hard processes to describe high-energy soft and semihard processes, was also not able to describe the TOTEM data. Its 3-channel eikonal extension with only one Pomeron missed a quantitative data description at LHC energies [13] just as well. However, as it was demonstrated recently in Ref. [14] using the Good-Walker formalism with a single, effective Pomeron, it is possible to describe the pp elastic differential cross-section and the energy dependence of the total cross-section σ_{tot}, as well as proton dissociation into low mass system in a large energy range from CERN-ISR to LHC energies.

In another recent study, that we become aware during the finalization phase of our manuscript, TOTEM data on the differential cross-section of elastic pp scattering at √ s = 7 TeV were described by a relatively simple parametrization [15] that includes two exponentials and a phase, where the first exponential is suitably modified to take into account the detailed structure of forward scattering and to include the description of the electromagnetic form-factor of the protons.

A multi-channel eikonal model was considered and found to describe well TOTEM elastic scattering data dσ/dt at 7 TeV and also pp scattering at 53 GeV ISR energies with some interesting physics conclusions: in particular, Ref. [16] pointed out that elastic, diffractive and total pp scattering cross-sections at 7 TeV within errors saturate the so-called Miettinen- Pumplin bound [17], namely that^{(σel+σdif f )}_{σtot} ≤^1_2 . This result is consistent with very large parton-parton scattering cross-sections at these energies.

A detailed analysis of the real and the imaginary part of the forward scattering amplitude was presented recently in Ref. [18, 19], where a regular dependence of the fit parameters as a function of ln(s) was observed, and this behaviour was found to be nearly continuous even at the lower, ISR energies, but pointing out the opening of a new mechanism in the energy range of 100 < √ s < 500 GeV as indicated by a perturbation of the otherwise smooth energy dependence of the model parameters. A qualitatively similar observation was also made in Ref. [20], that noted that the geometrical picture of pp collisions should be modified considerably when entering the domain of ultra-high energy collisions, and pointed out that TOTEM data at √ s = 7 TeV already indicate the onset of a transition to this region.

In our present study, we investigate in detail a geometrical model of proton-proton collisions, and indeed find that a qualitative change in elastic pp scattering can be observed when moving from the top ISR energy of 63 GeV to the LHC energy of 7 TeV, which is particularly important when the study is focussing on the dip region. We perform our analysis using a generalized Bialas-Bzdak model. The BB model originates in Glauber models, which were successfully developed to provide a geometrical as well as quantum-optical picture of nucleus-nucleus collisions [21]. The cross-section is calculated by taking into account all possible combinations of individual inelastic processes [22, 23]. In the present work the BB model is supplemented with real part following Ref. [24, 25]. Therefore the ratio of the real to imaginary part of the forward scattering amplitude at zero momentum transfer, ρ is not zero. We refer to our model version as αBB. In total four free model parameters are used in αBB, which is rather small. The QCD-based, well-known model of Ref. [26], where the TOTEM data is refitted successfully with the help of hard Pomeron exchange, uses 15 free parameters. Another relevant QCD inspired model applies 9 free parameters, where the Pomeron intercept and the interesting dynamical gluon mass are the most important [27, 28].

We present two, intuitively found phenomenological relations also. The first one suggests that the total cross-section can be estimated using an effective proton radius, which is a combination of our three radius fit parameters. We tested this formula with the singular, original version of the BB model earlier [11] and now we present its test with the nonsingular, generalized αBB model. Similarly to the relation of the nuclear radius to the mass number found by Hofstadter, this relation is found to be only approximate, but giving a good estimate of the total cross section and also its increase with increasing energies can be related to the modification of the internal structure of protons with increasing colliding energies. The second relation shows that the position of the dip, t_{dip}, is related to the total cross-section, so given the total pp scattering cross-section the position of the dip can be predicted.

ELASTIC SCATTERING IN THE GENERALIZED BB MODEL

Proton-proton scattering is described in the BB model as a collision of two composite objects. Each of them is assumed to contain a constituent quark and a diquark. The parametrization of the scattering situation is illustrated on Fig. 1.

FIG. 1: (color online) Snapshot, illustration of the two scattering protons, when the proton is represented as a quark-diquark system, p = (q, d) in the Bialas-Bzdak model. Both the quarks and the diquarks are assumed to scatter as single entities, corresponding to Gaussians with radius R_q and R_d, respectively. The quark is separated from the diquark by a distance of R_{qd}. All the model parameters follow a Gaussian distribution. The impact parameter b describes the separation of the center of masses of the two colliding protons in the plane perpendicular to the direction of the beam. Based on Refs. [4–7, 11].

In the original BB model the interaction between quarks and diquarks is assumed to be purely absorptive, therefore the forward scattering amplitude of the BB model has no real part. In the present paper their formula is supplemented with real part. This modification significantly improves the ability of the model to describe elastic p + p scattering dσ/dt in the dip region.

The inelastic proton-proton cross-section in the impact parameter space for a fixed impact parameter ⃗b is given by the following integral

σ_α(b) = +∞∫ −∞ ... +∞∫ −∞ d^2s_qd^2s^′_qd^2s_dd^2s^′_dD(⃗s_q, ⃗s_d)D(⃗s_q^′, ⃗s_d^′)σ_α(⃗s_q, ⃗s_d; ⃗s_q^′, ⃗s_d^′;⃗b) , (1)

where b = |⃗b| and the integral is taken over the two-dimensional transverse position vectors of the quarks ⃗s_q, ⃗s_q^′ and diquarks ⃗s_d, ⃗s_d^′.

The integral describes the convolution of the quark-diquark distributions of the two incoming protons with a σ_α function which in the original BB model provides the probability of inelastic interaction at given impact parameter vector ⃗b and at given quark, diquark transverse positions. In the present work this function is generalized to complex values, indicated by the subscript α, with the more detailed motivation given after entailing the functional form of σ_α. The complex valued σ_α function in the α = 0 case reduces to the real valued σ(⃗s_q, ⃗s_d; ⃗s_q^′, ⃗s_d^′;⃗b) function of the original BB model [4–7, 11]. The introduction of the α parameter is motivated by the Glauber-Velasco model [22, 24, 25].

Bialas and Bzdak in Ref. [4] supposed that the quark-diquark distribution of the proton follows a Gaussian shape D (⃗s_q, ⃗s_d) = 1 + λ^2 πR^2_{qd} e^{−(s2q +s2d)/R2qd} δ^2(⃗s_d + λ⃗s_q), λ = m_q/m_d , (2) where R_{qd} is the variance of the quark and diquark distance inside the proton and the λ parameter is the mass ratio of the quark and diquark. The value of λ = 1/2 would indicate a weakly bound diquark. The center of mass in the transverse plane is preserved with the help of a two-dimensional delta function.

The original BB model supposes that protons are scattered elastically if and only if all of its constituents are scattered elastically [4, 5, 23, 29] σ(⃗s_q, ⃗s_d; ⃗s_q^′, ⃗s_d^′;⃗b) = 1 − ∏ a,b∈{q,d} [ 1 − σ_{ab}(⃗b + ⃗s_a^′ − ⃗s_b^′) ] , (3)

where the inelastic differential cross-sections of the constituents are parametrized with Gaussian distributions as well σ_{ab} (⃗s) = A_{ab}e^{−s2/R2ab} , R^2_{ab} = R^2_a + R^2_b . (4) A detailed study of the unmodified BB model, corresponding to the α = 0 case of our present work and also to a probabilistic interpretation of the forward scattering amplitude, has been completed recently in Ref. [11]. It was shown that this model describes the main features of the dσ/dt data well in the ISR energy range of √ s = 23 − 62 GeV, except three data points around the dip of the dσ/dt distribution, which were omitted from the optimalization [11].

Clearly, the original BB model neglects the real part of the forward scattering amplitude, which results in dσ/dt = 0 around the diffractive minimum, a feature that does not correspond to the shape of pp elastic scattering data.

From this point forward, a generalized version of the BB model is discussed which is able to describe the dip region of elastic scattering dσ/dt at ISR energies, by modifying expression (3). It takes into account, with a phenomenologically introduced parameter α, that the proton is not always scattered elastically even if all of its constituents are scattered elastically. This generalized model is referred to as αBB model. The αBB model is introduced with a purely imaginary factor in the formula σ_α(⃗s_q, ⃗s_d; ⃗s_q^′, ⃗s_d^′;⃗b) = (1 − iα) σ(⃗s_q, ⃗s_d; ⃗s_q^′, ⃗s_d^′;⃗b). (5) The new parameter α is determined from the analysis of data. The α = 0 case corresponds to a situation, when the proton always scatters elastically if its constituents scatter elastically. Parameter α is introduced in a way that is motivated by the α parameter of the Glauber-Velasco model of Refs. [22, 24, 25]. Parameter α can be considered as the ρ parameter of parton-parton level scattering where ρ is the ratio of the real to imaginary part of the forward scattering amplitude at zero momentum transfer.

From unitarity the elastic amplitude is the following t_{el}(b) = i ( 1 − √ 1 − σ_α(b) ) , (6) where the elastic amplitude t_{el}(b) is a complex valued function in our case; note that an imaginary unit is suppressed in the notation of the original BB model. Important to note also that the domain of the square root in Eq. (6) remains C even if α = 0.

Recently, the important role of the real part of the elastic scattering amplitude in shaping dσ/dt at the dip and in the Orear region was highlighted in [30–32].

In momentum transfer representation the amplitude of elastic scattering is given with the Fourier-transformation

T (⃗Δ) = +∞∫ −∞ +∞∫ −∞ t_{el}(b)e^{i⃗Δ·⃗b}d^2b = 2π +∞∫ 0 t_{el} (b) J_0 (Δb) bdb , (7)

where Δ = |⃗Δ| and J_0 is the zeroth Bessel-function of the first kind.

Finally the differential cross-section is obtained as dσ dt = 1 4π |T (Δ)|^2 . (8) The real and imaginary part combine together to describe the dip region of the differential cross section dσ/dt, even if α is only slightly different from 0. The results, as we shall also demonstrate below, will be qualitatively different from the BB model.

Model p = (q, d): The diquark is assumed to scatter as a single entity

This subsection is devoted to describe the remaining parts of the BB model when the diquark in the proton is assumed to scatter as a single entity. In this case the two model parameters A_{qd} and A_{dd} can be expressed with the help of A_{qq} if one supposes an idealized situation where the constituent diquark contains twice as many partons than the constituent quark without shadowing effects. This assumption may decrease the number of free parameters by two. The inelastic cross-sections σ_{ab} = +∞∫ −∞ +∞∫ −∞ σ_{ab} (⃗s)d^2s = πA_{ab}R^2_{ab}, a, b ∈ {q, d} , (9) are supposed to be proportional to the parton numbers. According to the assumption

σ_{qq} : σ_{qd} : σ_{dd} = 1 : 2 : 4 , (10)

which corresponds to the case of no shadowing effect in the proton-proton scattering. Consequently A_{qd} = A_{qq} 4R^2_q R^2_q + R^2_d , A_{dd} = A_{qq} 4R^2_q R^2_d

. (11) With these ingredients the computation of Eqs. (1) reduces to perform Gaussian integrals.

Two of the Dirac delta functions simply express the transverse diquark coordinates with the corresponding quark coordinate using the mass ratio λ ⃗s_d = −λ⃗s_q, ⃗s_d^′ = −λ⃗s_q^′. (12) The remaining four Gaussian integrals lead to the following expression for each term in the inelastic proton-proton cross-section formula (1)

4v^2 π^2 +∞∫ −∞ +∞∫ −∞ d^2s_qd^2s^′_qe^{−2v}(^{s2q +s′2q} ) k,l ∈∏

{q,d} e^{−ckl}(^{b−sk+s′l})^2 = 4v^2 Ω e^{−b2 ΓΩ} , (13)

where Ω = C_{qd,dq} [ v + c_{qq} + λ^2c_{dd} ] + (1 − λ)^2 D_{qd,dq} , Γ = C_{qd,dq}D_{qq,dd} + C_{qq,dd}D_{qd,dq} (14) and C_{kl,mn} = 4v + (1 + λ)^2 (c_{kl} + c_{mn}) , D_{kl,mn} = v (c_{kl} + c_{mn}) + (1 + λ)^2 c_{kl}c_{mn} , (15) where the c_{kl} parameters are abbreviations. Formulas (13), (14) and (15) are equivalent with the corresponding formulas of the original BB model [4], although they are presented in a terser form.

Model p = (q, (q, q)): The diquark is assumed to scatter as a composite object

The collision of the protons in p + p scattering is illustrated on Fig. 2, in case the diquark scatters as a composite object including two constituent quarks.

FIG. 2: Snapshot about the two scattering protons in the p = (q, (q, q)) model. Protons are described as a quark-diquark system, where the diquark is assumed to scatter as a quark-quark composite object. This is an illustration only, actually all the model parameters follow a Gaussian distribution, based on Refs. [4–7, 11].

Bialas and Bzdak [4] supposed that the two quarks follow a Gaussian distribution inside the diquark D ( ⃗s_{q1}, ⃗s_{q2}) = 1 πd^2 e^−(^{s2q1+s2q2})^{/2d2} δ^2 ( ⃗s_{q1} + ⃗s_{q2}) , (16) where the transverse positions of the quarks are indicated with ⃗s_{q1}, ⃗s_{q2}. The distance d is the RMS of the separation of the quarks inside the diquark. It is defined as

d^2 = R^2_d − R^2_q , (17)

which expresses that the diquark is composed of two quarks which are separated by a distance d. In the present case the inelastic cross-sections σ_{qd}, σ_{dq} and σ_{dd} have to be factorized using the σ_{qq} inelastic cross-section using expansion (3). The formula for σ_{qd} and σ_{dq} is the following σ_{qd} (⃗s) = 4A_{qq}R^2_q R^2_d + R^2_q e^{−s2} 1 R2d+R2q − A 2 qqR^2_q R^2_d e^{−s2/R2q} , (18) σ_{dd} is more complicated, and is given in details in Refs. [4–7, 11]. The inelastic cross-section (1) can be calculated using the master formula (13) as before.

Bialas and Bzdak originally used the total cross-section, the slope parameter B, the position of the dip and the position of the first diffractive maximum after the dip to determine the value of the fit parameters by solving 4 equations with 4 unknowns [4]. They found, that the resulting parameters provide a good overall description of elastic scattering data at ISR energies. However, neither the errors of the parameters nor the fit quality description with a χ^2/NDF test were provided.

In Ref. [11] to determine the errors of the original BB model parameters a different method was applied, utilizing all the information in the data set by a multiparameter fit. In the present study we improved not only the fitting method, but also the BB model itself. We introduced the real part of the forward scattering amplitude with parameter α motivated by the Glauber-Velasco model of [24, 25]. This resulted in a new feature of the αBB model, namely the ability to describe the data also around the diffractive minimum. Second, we have used the CERN MINUIT fitting package [33] to determine the best values of the model parameters together with their errors. In the next section our results are presented, while we discuss the findings and compare them with earlier results in the discussion part.

FIT RESULTS IN THE 0.36 TO 2.5 GEV^2 |t| RANGE

In this section the results of our MINUIT fits are presented for the ISR [9, 10] and TOTEM [2, 3] proton-proton elastic scattering data. The scenario when the diquark is assumed to scatter as a single entity is considered first, which is followed by the fit results for the case when the diquark is considered as composite object. To provide a fair comparison among the model descriptions on the different datasets at different √ s, the |t| region of the fits is limited to the first TOTEM publication. In the discussion section, the fit quality is also studied in special fits to the TOTEM data in the low |t| region. As we shall see, even the improved BB model cannot describe the TOTEM data in the whole t region.

The results show that thanks to the new parameter α, which generates the real part of the forward scattering amplitude, the fits improve significantly and describe the data also in the dip region, as compared to the α = 0 case presented in Refs [4–7, 11]. This phenomenon can be interpreted such that the proton does not necessarily scatter elastically even if all its constituents are scattered elastically. This effect is small at lower collision energies, however it becomes, as we shall detail, more and more prominent with increasing energies.

MODEL p = (q, d): THE DIQUARK IS ASSUMED TO SCATTER AS A SINGLE ENTITY

In this subsection the fit results are collected in case the diquark is assumed to scatter as a single entity. This version of the model was fitted to the proton-proton elastic scattering data both at ISR [9, 10] and at LHC [2] energy as well. The results are illustrated on Figs 3-7. The confidence levels, and model parameters with their errors are summarized in Table I.

The figures contain two phenomenological relations below the legend. The first relation suggests that the total-cross section is proportional to the area of a disk with an effective radius R_{eff}, which is the square root of the quadratic sum of R_q, R_d and R_{qd}

R_{eff} = √ R^2_q + R^2_d + R^2_{qd} , (19)

σ_{tot} = 2πR^2_{eff} . (20)

This formula was originally proposed for the BB model in [11], and was found to be model independently valid in both the p = (q, d) and in the p = (q, (q, q)) models with a precision of 10 − 15%. In the current paper we validate this formula for the α ≠ 0 case.

Numerically, we have found another phenomenological formula, which indicates that the position of the first diffractive minimum t_{dip} multiplied with the total-cross section σ_{total} is nearly constant t_{dip} σ_{tot} (ℏ c)^2 (12π)^2

≈ 1. (21)

The test of these relations for each energy with both the p = (q, d) and p = (q, (q, q)) models is given on the figures and the results are collected and described in our Discussion part.

FIG. 3: Fit result at √ s = 23.5 GeV in case the diquark is assumed to be a single entity. Note that although α is not significantly different from 0, a tiny value of α makes the fit behavior in the dip region significantly better, than the α = 0 case, indicated by a dashed line. The lower panel shows the deviation of the fitted theory (solid line) from the experimental data at that point. Note that below the legend we show also the test of two phenomenological relations which are discussed in the text. The total-cross section σ_{tot,exp} refers to the value of Ref. [3].

FIG. 4: Same as Fig. 3, but at √ s = 30.7 GeV.

FIG. 5: Same as Fig. 3, but at √ s = 52.8 GeV.

FIG. 6: Same as Fig. 3, but at √ s = 62.5 GeV.

FIG. 7: Fit result at √ s = 7 TeV in case the diquark is assumed to interact as a single entity. Note that the p = (q, d) version of the αBB model fails in the low-|t| region, where σ_{tot,exp} of Ref. [3] is underestimated. This may be the reason why^{σtot,exp}_{2πReff} is only 42% close to 1.

√ s [GeV] 23.5 30.7 52.8 62.5 7000 R_q [fm] 0.27 ± 0.01 0.25 ± 0.01 0.26 ± 0.01 0.29 ± 0.01 0.34 ± 0.01 R_d [fm] 0.71 ± 0.01 0.71 ± 0.01 0.73 ± 0.01 0.77 ± 0.01 0.78 ± 0.01 R_{qd} [fm] 0.30 ± 0.01 0.34 ± 0.01 0.35 ± 0.01 0.29 ± 0.01 0.61 ± 0.01 α 0.01 ± 0.01 0.01 ± 0.01 0.02 ± 0.01 0.01 ± 0.01 0.16 ± 0.01 χ^2/NDF 59.58/46 29.89/34 62.29/35 52.09/35 166.32/74 CL [%] 8.63 66.94 0.30 3.16 0.00 TABLE I: The √ s dependence of the confidence levels and the fit parameters in case the diquark is assumed to be a single entity, where the parameters A_{qq} = 1 and λ = 0.5 are fixed. The diquark size, as well as the inelasticity parameter α increase significantly with √ s, indicating that the proton became larger and less elastic as √ s is increased to LHC energies.

FIG. 8: Visualization of the fit results in case the diquark is assumed to be a single entity.

MODEL p = (q, (q, q): DIQUARK SCATTERS AS COMPOSITE OBJECT

The MINUIT fit results are presented as in the previous subsection, except that it is assumed that the diquark scatters as a composite object which contains two quarks. This version of the model was fitted to the proton-proton elastic scattering data both at ISR [9, 10] and at LHC [2] energy as well. The results are illustrated on Figs 9-13. The confidence levels, and model parameters with their errors are summarized in Table II.

FIG. 9: Fit result at √ s = 23.5 GeV in case the diquark is assumed to be a composite object.

Note that even a small α ≠ 0 value may make a big difference in the dip region. The fit becomes acceptable without a need to remove data points in this region. The fit quality parameters as well as two phenomenological relations are also indicated around the legend of the figure. Dashed line indicates the fit result when the parameter α is set to zero.

FIG. 10: Same as Fig. 9, but at √ s = 30.7 GeV.

FIG. 11: Same as Fig. 9, but at √ s = 52.8 GeV.

FIG. 12: Same as Fig. 9, but at √ s = 62.5 GeV.

FIG. 13: Same as Fig. 9, but at the LHC energy of √ s = 7 TeV. The extrapolation to low |t| values indicates, that the total cross-section is under estimated by the αBB model, fitted in the intermediate 0.36 ≤ −t ≤ 2.5 GeV^2 region. Note that the p = (q, (q, q)) version of the αBB model fails in the low-|t| region, where σ_{tot,exp} of Ref. [3] is underestimated. This may be the reason why σ_{tot,exp} 2πReff is only 53% close to 1.

√ s [GeV] 23.5 30.7 52.8 62.5 7000 R_q [fm] 0.28 ± 0.01 0.28 ± 0.01 0.28 ± 0.01 0.29 ± 0.01 0.29 ± 0.01 R_d [fm] 0.73 ± 0.01 0.74 ± 0.01 0.76 ± 0.01 0.76 ± 0.01 0.63 ± 0.01 R_{qd} [fm] 0.21 ± 0.01 0.23 ± 0.01 0.25 ± 0.01 0.23 ± 0.01 0.73 ± 0.01 α 0.01 ± 0.01 0.00 ± 0.01 0.02 ± 0.01 0.01 ± 0.01 0.42 ± 0.02 χ^2/NDF 71.96/46 38.47/34 48.96/35 82.00/35 274.44/74 CL [%] 0.85 27.42 5.88 0.00 0.00 TABLE II: The √ s dependence of the confidence levels and the fit parameters in case the diquark is assumed to be a composite entity, where the parameters A_{qq} = 1 and λ = 0.5 are fixed. Note that the quark-diquark distance R_{qd} increases significantly at the LHC, but note also that the fit quality is not statistically acceptable at 7 TeV.

FIG. 14: Visualization of the fit results in case the diquark is assumed to be a composite object.

TOTAL CROSS-SECTION ESTIMATION BASED ON TOTEM DATA IN LOW |t| RANGE

Note that even the generalized αBB model failed on the TOTEM data when it was fitted in the 0.36 ≤ −t ≤ 2.5 GeV^2 region. In this section we investigate the fit range dependence of this negative result. The total cross-section is estimated based on the small |t| data which was measured by the TOTEM experiment. The fit is repeated in a low |t| range of 0.0 ≤ −t ≤ 0.8 GeV^2 and the total cross-section value is included into the fits as one additional data point to show how well it can be described by the αBB model.

In the low |t|-range a reasonable description can be achieved with the single entity version of the model, while surprisingly a less convincing result is obtained when the diquark is assumed to be composite. However, when the fits are limited to the low |t| region, the extrapolated fits deviate from the data significantly in the large |t| region for both the p = (q, d) and the p = (q, (q, q)) model.

Note also that we could not find a fit with statistically acceptable quality, when the fit region was increased to 0.0 ≤ −t ≤ a GeV^2, where a > 0.8 GeV^2. This indicates that the αBB model does not describe TOTEM elastic scattering data in the whole measured t range.

FIG. 15: Fit result at 7 TeV in the low |t| range of 0.0 ≤ −t ≤ 0.8 GeV^2, including the measured total cross-section value, as additional data point. The diquark is assumed to be a single entity.

FIG. 16: Same as Fig. 15, but for the p = (q, (q, q)) model.

DISCUSSION

FIG. 17: The √ s dependence of the parameters R_q, R_d, R_{qd}. The symbol size is greater than the errors from the fit on several data points. Note that the most significant change is the increase of R_{qd} at LHC energies.

FIG. 18: The √ s dependence of the parameter α. This plot indicates, that α becomes more important at LHC energies, than at ISR, indicating that it is more probable at LHC that a proton does not scatter elastically even if all of its constituents happened to scatter elastically. According to these results, the pp collisions become more and more “fragile” with increasing √ s.

FIG. 19: The √ s dependence of the parameter ρ.

FIG. 20: The σ_{tot,exp}/2πR^2_{eff} ratio.

√ s [GeV] 23.5 30.7 52.8 62.5 7000 ρ 0.01 ± 0.01 0.01 ± 0.01 0.03 ± 0.01 0.01 ± 0.01 0.21 ± 0.01 σ_{tot,exp}/2πR^2_{eff} 0.92 ± 0.01 0.93 ± 0.03 0.95 ± 0.03 0.91 ± 0.03 1.42 ± 0.05 TABLE III: The ρ parameter and the σ_{tot,exp}/2πR^2_{eff} ratio in case the diquark is assumed to be a single entity. Fit range is the same 0.36 ≤ −t ≤ 2.5 GeV^2 for all datasets. Note that the fit quality is not acceptable at √ s = 7 TeV. √ s [GeV] 23.5 30.7 52.8 62.5 7000 ρ 0.01 ± 0.01 0.01 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.53 ± 0.02 σ_{tot,exp}/2πR^2_{eff} 0.95 ± 0.01 0.93 ± 0.01 0.94 ± 0.01 0.96 ± 0.01 1.53 ± 0.06 TABLE IV: The ρ parameter and the σ_{tot,exp}/2πR^2_{eff} ratio, the diquark is assumed to be a composite entity. Fit range is the same 0.36 ≤ −t ≤ 2.5 GeV^2 for all datasets. Note that the fit quality is not acceptable at √ s = 7 TeV. √ s [GeV] 23.5 30.7 52.8 62.5 7000 t_{dip}·σ_{tot,exp} (ℏ·c)^2(12π)^2 1.02 ± 0.08 1.02 ± 0.08 1.04 ± 0.08 1.02 ± 0.08 0.94 ± 0.02 TABLE V: The^{tdip·σtot,exp} (ℏ·c)^2(12π)^2 ratio, model independently. Precise up to 6% (within errors).

FIG. 21: The^{tdip·σtot,exp} (ℏ·c)^2(12π)^2 ratio, directly obtained from experimental data. The dashed line indicates

the ratio 1.

CONCLUSION AND OUTLOOK

In this work we have generalized the geometrical Bialas-Bzdak model of elastic protonproton scattering by allowing for a real part of the forward scattering amplitude using the same geometrical picture, but assuming that a proton-proton scattering may become inelastic even in the case when all scattering of the constituents of the colliding protons is elastic (but not completely collinear). This generalization resulted in a successfull description of the dip region of elastic proton-proton scattering in the ISR energy region and resulted in a significant, qualitative improvement of the ability of this model to describe elastic protonproton scattering at 7 TeV colliding energies as measured by the TOTEM Collaboration at CERN LHC. We have also found that the generalized Bialas-Bzdak model can describe only the small |t| data set and therefore the total cross-section σ_{tot} at LHC, if the fit range is limited to a relatively low |t| range. However, even this generalized Bialas-Bzdak model fails, if the large |t| region data of TOTEM is included, more precisely we find no good quality fits in the 0.0 ≤ −t ≤ a GeV^2 region, where a > 0.8 GeV. This result can be interpreted as a qualitative change in elastic proton-proton scattering at the 7 TeV LHC energies as compared to the top ISR energies, due to the opening of a new channel in this reaction. It would be interesting to collect data at RHIC and at lower LHC energies to determine the energy region where this transition happens and the new physics channel opens.

Based on the geometrical picture behind the Bialas-Bzdak model, we have identified and tested the validity of two simple phenomenological formulas. Our first formula relates the total proton-proton scattering cross-section to an effective radius, that is the quadratic sum of the radii of a quark and a diquark as well as the distance between the center of mass of the diquark and the quark inside the proton. Regardless of the detailed structure of the diquarks, and independently of the values of the real part of the forward scattering amplitude, this formula gives a model independent estimate for the total cross-section with a typical 10 % precision at ISR energies, that becomes worse at LHC energies, but our data analysis nevertheless suggests that the increase of the total cross-section of proton-proton scattering is mainly due to the increase of the quark-diquark separation with increasing colliding energies, while the size of the constituent quarks and diquarks is approximately independent of the colliding energies. Our second formula establishes a relation between the total cross-section of proton-proton scattering and the position of the dip in the differential cross-section: in particular, we find that the product of these two quantities is a model independent constant of (12πℏc)^2. We also demonstrated that this formula is remarkably precise, it is satisfied by the ISR data within one standard deviations, while at LHC the formula is also satisfied by the data within 3 standard deviations.

Given that the energy dependence of the total cross-section is very well described by linear or quadratic polynomials in ln(s), or by Glauber Monte-Carlo simulations in case of proton-nucleus and nucleus-nucleus collisions, our result can in principle be well used to predict the position of the dip in the differential cross section of elastic scattering at various energies and colliding systems. A detailed application of this relation to predict the dip position in p-Pb elastic scattering will be presented elsewhere [34].

ACKNOWLEDGEMENT

T. Cs. would like to thank Prof. R. J. Glauber inspiring discussions and for his kind hospitality at Harvard University. The authors are also grateful to G. Gustafson and M. Csanád for valuable discussions. This research was supported by a Ch. Simonyi Fellowship as well as by the Hungarian OTKA grant NK 101438.

[1] B. Hahn, D. G. Ravenhall and R. Hofstadter, Phys. Rev. 101, 1131 (1956). [2] G. Antchev et al. [TOTEM Collaboration], Europhys. Lett. 95, 41001 (2011) [arXiv:1110.1385 [hep-ex]].

[3] G. Antchev et al.TOTEM Collaboration, Europhys. Lett. 96 (2011) 21002 [arXiv:1110.1395 [hep-ex]].

[4] A. Bialas and A. Bzdak, Acta Phys. Polon. B 38 (2007) 159 [hep-ph/0612038]. [5] A. Bzdak, Acta Phys. Polon. B 38 (2007) 2665 [hep-ph/0701028]. [6] A. Bialas and A. Bzdak, Phys. Lett. B 649 (2007) 263 [nucl-th/0611021]. [7] A. Bialas and A. Bzdak, Phys. Rev. C 77 (2008) 034908 [arXiv:0707.3720 [hep-ph]]. [8] A. Bialas, K. Fialkowski, W. Slominski and M. Zielinski, Acta Phys. Polon. B 8 (1977) 855. [9] E. Nagy, R. S. Orr, W. Schmidt-Parzefall, K. Winter, A. Brandt, F. W. Busser, G. Flugge and F. Niebergall et al., Nucl. Phys. B 150 (1979) 221.

[10] U. Amaldi and K. R. Schubert, Nucl. Phys. B 166 (1980) 301.

[11] F. Nemes and Csörgő, Int. J. Mod. Phys. A 27 (2012) 1250175 [arXiv:1204.5617 [hep-ph]]. [12] A. D. Martin, M. G. Ryskin and V. A. Khoze, arXiv:1110.1973 [hep-ph]. [13] M. G. Ryskin, A. D. Martin and V. A. Khoze, Eur. Phys. J. C 72 (2012) 1937 [arXiv:1201.6298 [hep-ph]].

[14] V. A. Khoze, A. D. Martin and M. G. Ryskin, arXiv:1306.2149 [hep-ph]. [15] D. A. Fagundes, A. Grau, S. Pacetti, G. Pancheri and Y. N. Srivastava, arXiv:1306.0452 [hep-ph].

[16] P. Lipari and M. Lusignoli, arXiv:1305.7216 [hep-ph]. [17] H. I. Miettinen, and J. Pumplin, Phys. Rev. D 18, 1696 (1978) [18] A. K. Kohara, E. Ferreira and T. Kodama, arXiv:1305.3589 [hep-ph]. [19] E. Ferreira, T. Kodama and A. K. Kohara, Eur. Phys. J. C 73, 2326 (2013) [arXiv:1212.3652 [hep-ph]].

[20] T. Wibig, J. Phys. G 39 (2012) 085003 [arXiv:1111.0441 [hep-ph]]. [21] R. J. Glauber, Phys. Rev. 100 (1955) 242.

[22] R. J. Glauber, Nucl. Phys. A 774 (2006) 3 [nucl-th/0604021].

[23] R. J. Glauber, Lectures in Theoretical Physics, ed. W. E. Brittin and L. G. Dunham (Interscience Publishers, New York, 1959), vol. 1, p. 315.

[24] R. J. Glauber and J. Velasco, Phys. Lett. B 147 (1984) 380. [25] R. J. Glauber and J. Velasco, Print-88-0334 (HARVARD). [26] A. Donnachie and P. V. Landshoff, arXiv:1112.2485 [hep-ph].

[27] D. A. Fagundes, E. G. S. Luna, M. J. Menon and A. A. Natale, arXiv:1108.1206 [hep-ph]. [28] D. A. Fagundes, E. G. S. Luna, M. J. Menon and A. A. Natale, Nucl. Phys. A 886 (2012) 48 [arXiv:1112.4680 [hep-ph]]. arXiv:1204.1914 [hep-ph].

[29] W. Czyz and L. C. Maximon, Annals Phys. 52 (1969) 59.

[30] I. M. Dremin and V. A. Nechitailo, Phys. Rev. D 85 (2012) 074009 [arXiv:1202.2016 [hep-ph]]. [31] I. M. Dremin, arXiv:1204.1914 [hep-ph].

[32] I. M. Dremin, Phys. Usp. 56, 3 (2013) [arXiv:1206.5474 [hep-ph]]. [33] F. James and M. Roos, Comput. Phys. Commun. 10 (1975) 343. [34] M. Csanád, T. Csörgő, F. Nemes and T. Novák, manuscript in preparation.