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We calculate the two-particle distribution and the associated multiplicity for large pτ region in the framework of the parton models. We find that it is possible to construct a model beeing able to fit quite wełl a large amount of data on the two-particle level. The model should possess the following properties: a) the hard scattering cross-section should be independent of energy at fixed pj, b) both quasi-exclusive (single-jet) and inclusive (doubłe- -jet) components must be present with the cross-section for the double-jet process at least one order of magnitude larger than that for the single-jet process, c) the mean transverse momentum in the jet fragmentation should be of the order of 630 MeV, d) the jet structure function should be damped like (1—x)1 2 for x→ 1.
1. IntroductionThe generał picture of hadron production, in the large pτ region, resulting from experimental research at ISR indicates that the hard scattering model may provide the correct dynamical description of hadronie interactions in this region. The most rigorous test for the validity of the underlaying parton dynamics — presence of jets in the finał state — seems to be confirmed by recent SFM measurements [1].However, this success of jet models is up to now only of qualitative character: nonę of important parameters, like widths, slopes etc. are successfully ρredicted or explained by the jet dynamics. The reason is that the description of the finał state in the “naive” parton model with zero width jets is too much simplified to give realistic quantitative results. If one uses the standard form for the inclusive distribution of particles produced by the jet fragmentation
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(where pτι∣jl is the transverse momentum of p1 relative to the jet J1 axis, x1 is the longi- tudinal fraction of the jet momentum taken by pl and <71∣jl(x1) is the structure function for the jet fragmentation) then the resulting finał state configuration is exactly planar. If one calculates f,ou, or azimuthal distributions one obtains simply δ functions while the experimental shaρes are quite broad.There is also some indirect evidence coming from the momentum dependence observed experimentally, that the scale-invariant formula (1.1) is not able to reproduce the data. For example, it was reported by the ACHM Collaboration [2] that the two-particle inclusive distribution for two large pτ particles in the same direction can be described by the same functional dependence as the one particie distribution, i. e.

(1-2)
while (1-3)
Without detailed calculations one can expect that the jet model with the scale-invariant fragmentation spectrum will be in trouble with this observation. The reason is pure dimen- sional: the distributions (1.2) and (1.3) have different dimensions and thus it is impossible to obtain the same power N in both formulas if (1.1) contains no dimensional parameters.1 1 1Some additional factors like—,----------, --------------- - etc. must appear in Eq. (1.2),

s PτιPτ2 (Pτι +Pτ2)restoring the correct dimension but spoiling the form (1.2), observed experimentally. Another piece of the data, which indicates the relevance of some dimensional param- eter in the finał state is the associated multiplicity of charged particles observed exactly opposite in azimuth to the triggered large pτ particie. It grows nearly linearly with pτ, i. e.~α0 + α1pτ1, (1-4)
φ≈π,y2≈0and we have the next dimensional trouble of the model with the scale-invariant decay spectrum: αl must have dimension sińce the left-hand side is dimensionless. Since the masses of the particles are generally believed to be irrelevant in the large pτ region, the realistic jet fragmentation spectrum must contain some dimensional parameter, from which Xi could be constructed.In the present paper we calculate the two-particle distribution using the flnite pτl∣jl distribution. As a natural generalization of (1.1) we choose

dN°^ 
dφdy2

(1-5)
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where G1∣√x1) ≡ i Λμ.(*1) = ⅛i(1 (1.6)

2. Calculation of the two-particle distributionThe notation used in this paper is exactly the same as in Ref. [9]: constituents c1c2 fromincomingprotons A, B scatter elastically into twojets J1, J2, which in tum “fragment” into detected particles 1, 2. Variables used during the calculation are dehned in Fig. 1 (quantities with a refer to the c1c2 CM frame, without a to the AB CM frame).The hard scattering cross-section can be parametrized as follows: from the dimensional analysis which is generally assumed to work in the Axed angle region s, t → oo, t∣s Axed one has
Now, sińce the Ieft-right symmetry must be obeyed (see [9]) the inclusive yield depends to a good approximation only on the symmetrized cross-section
what can be written as

x1 x1Now all the widths in resulting angular distributions are Anitę and controlled by the value of A. In particular, in the limit A → oo we recover the zero width formula (1.1).To get definite predictions in the parton model one has to choose some formula for the hard scattering cross-section. Instead of limiting ourselves to any particular model, we try to perform a model independent analysis, i. e. we parametrize so the hard scattering cross-section as to include the broad class of models, calculate the yields and Anally look for what values of the parameters (i. e. for what model) the best At to the data can be obtained. Thus the result of our analysis is the collection of constraints which must be satished by the model to At succesfully the data. We do not discuss here the problem how far these constraints are indeed obeyed by the up to now proposed parton models.The paper is organized as follows: in Chapter 2 we present our parametrization of the hard scattering cross-section and calculate the two-particle distribution. Comparison of the resulting formulas with the experiment is presented in Chapter 3 (opposite side correla- tions) and in Chapter 4 (same side correlations). A short summary can be found in Chapter 5. Some technical details concerning the calculation of the integrals appearing in the parton model formulas are collected in the Appendix. The morę detailed description of the method of integration we use can be found in Ref. [9]. 2

dσli
di

(2-1)

(2.2)
(2.3)
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Fig. 1. Definition of the variables used in textwhere
λ - s2∣(4tu) = cosh2v = l∕sin20, H(λ) = A(λ)∕Λπ.Since H(λ) decreases for large λ (or at least remains constant) due to the factor l∣λπ in all up to now proposed hard scattering models, we can write approximately

(2.4)Formula (2.4) presents the parametrization we use in the rest of this paper.The generał formula for the two-particle distribution in the parton model reads:

+ (A<→B, J,→J,) (2.5)



653where for the structure functions we assume the standard formGc11a(-vci) = ”5'|A (l-xcιr"∖ Gc2,b(.xc2) ≡ ⅛(1 -xc∕-'β (2.6)
^'"c1 xc2(transverse motion of constituents c1,c2 is neglected).It is convenient to discuss separately the cases when the particles 1, 2 are producedπ πon the same side: — y < </ < — (i. e. they come from the samejet) and on the opposite 

π 3sides: — < φ < - π (i. e. they come trom two dιfferent jets)'.

where
(2.1.1)

(2.1.2)
Using the parametrization (2.4) for the hard scattering cross-section integrals in (2.1.1) and (2.1.2) can be performed by means of the saddle point method. The detailed calcula- tion can be found in the Appcndix, where also the resulting formulas in its most generał form are collected.Here we present only the quasi-exclusive (single-jet) contribution which is found to be responsible for the leading part of the opposite side correlations (see Section 2.3): 

∕ ______\opp = 1 — a(χτι>yι)*τt c, f Pτ2∖
d3pi d3p2 | p∙rιv m⅞2 2}>2 ∖pτJ

(2.1.3)
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where N = 2n, (2.1.4)

(2.1.5)
(2.1.6)

(2.1.7,8)
(2-1.9)

(We do not display explicitly the second term in (2.1.3) sińce it is strongly damped rela-
∕χτl∖f,~2tively to the first one by the factor I —— I and can be neglected in the rough nume-
∖xτι∕rical analysis we perform in this paper. The complete formula can be found in the Aρpendix). The first term in (2.1.3) is nothing but the one-particle distribution (see [9])

(2.1.10)
and thus the associated multiplicity away is given by

(2.1,11)



6552.2. Two-particle distribution for the same sideWe have now

where xτl2 = xτ1+xτ2, y22 = ⅜(yι+y2)∙

Where dσcιc2→jlj2 is given by (2.1.2).The simplest form for dNlι^l + 2+x, which reflects only the long rangę phase space correlations is
(2.2.1)

(2.2.2)

(2.2.3)
with

The calculation of the integrals in (2.1.1) and (2.2.1) can be found in the Appendix and the finał result reads:

(2.2.4)



6562.3. Relative normalization of va>rious subprocessesBefore we start to comρare our results with the experiment we have to decide which elementary subprocesses c1c2 → JiJ2 give the leading contribution ta the total yield.The first well-known constraint is ρrovided by the quark counting rules for the power 
N-.⅛N = Nq-2, where Nq is the number of quarks in the hard scattering. To obtain the correct value of N ≈ 8 for the meson production in ISR (we limit ourselves to this process) all ρrocesses with Nq < 6 must be excluded and the processes with Nq > 6 can be neglected to a first approximation. What remains are the processes like: Mq → Mq, MM → qq, qq → MM, q(qq) → q(qq) with all possible jet fragmentations in the finał state.The next important restriction can be expressed as fojlows: if for a given subprocess a quasi-exclusive limit exists (i. e. the detected particie is just the jet particie) then all the inclusive versions of this subprocesses can be neglected relative to the quasi-exclusive component (e. g. Mq → M*(→ M + X)q can be neglected relative to Mq → Mq with M = 1 = J1. Notę also, that for MM → qq, q(qq) → q(qq) the quasi-exclusive limit does not exist — quarks and diquarks must fragment. This constraint follows from the follow- ing relation between the normalization constants [9]:cιμ1 = <iΓ2>⅞, (2.3.1)where cjχ is the normalization constant for the quasi-exclusive process ctc2 → J1(= 1)J2 and c1∣ji the one for its inclusive version c1c2 → J1(→ 1+X)J2 and

(2.3.4)
For N = 8 we obtain from (2.3.4)

(2.3.5)The intuitive origin of this constraint is quite obvious: to produce the large pτ particie as a child of some parent jet, the hard scattering must occur at larger energy s than the one for the direct jet production and thus it is morę supressed by the factor <x'ι^2> in (2.3.1). In the following we will use the names: single-jet process (double-jet process) for the process which have (do not have) the quasi-exclusive limit.

(2.3.2)
(2.3.2)From the nhase snące sum rule

we find easily the bound π1∣jl ≤gι∣j1+l and thus



657lt follows from the above considerations, that if a single jet process and a double-jet process have comparable hard scattering cross-sections then the contribution from the double-jet process to the total inclusive yield can be neglected (just due to the extra factor <x2*-2> in (2.3.1)).The guess that all hard scattering cross-sections with the fixed number of external quark legs (i. e. with fixed N) are of the same order looks reasonable as a starting point to our numerical analysis. But if it is indeed the case, then all the double jet processes can be described by quasi-exclusive processes only. It is just what we assume as a starting point.
3. Opposite side correlations — comparison with experimentFormula (2.1.3) which we use to describe the opposite side correlations data depends on the following parameters: B, a,,N,A, n2∣∣2, g2∣j2. Parameters B, ot, N are fixed by single-particle distribution: for the meson production we have N ≈ 8, Bx 13 for π0, 

Bx 15 for πi. In Ref. [9] we have found that to reproduce the weak rapidity dependence of the one-particle distribution one has to take a = 0 i. e. to assume that the hard scattering does not depend on angle at fixed pτ. Thus x is also fixed and we find further that the constraint α = 0 appears to be even much stronger on the two-particle level.In the measurements of the associated multiplicities one usually sums over all charged secondaries. It is reasonable to assume that the charged particles take 2/3 of the total yield coming from the jet fragmentation. Then the constant nch∣j2 can be determined from the phase space sum rule
£ ∫ dx2x2G2∖,2(x2) x ⅜ . (3.1)
2 0

chargedSince the leading contribution is given by the structure function with the lowest value of g2∣j2, we can neglect all decays which are morę damped in x2 and we findπch∣J2 = Σ π2∣j2 = ⅜ (g2μ2+!)• (3.2)
2

chargedThus we have only two free parameters A and g2∣j2 which must be fited.3.1. Pou, distributionThe angular distributions given by the formula (2.1.3) depend essentially on the value of slope A in the jet fragmentation formula. The best place to fit A is the Poul distribution, measured by the SFM group [1]. Using the variables Pout = pτ2 sin φ,P2χ Pt2
P2χ-Pτ2∞sγ, xE =----- ≈—proposed in [1] the formula (2.1.3) can be re-Pix Prtwritten for P2x > Pou,, pτl < P2x as follows:

dN°2<^
dPmtdP2xdy2

(3.1.1)
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Thus we obtain the factorisation in the variables Poul and P2x,xe, y2, reported in [1] and observe, that the slope of the Poul distribution measures exactly the slope A in the jet fragmentation spectrum. We find from Fig. 2 where the fit to the SFM data is presented, that the Gaussian shape (3.1.1) reproduces the data rather well for A = 2. It corresponds to the mean transverse momentum <7⅛2∣j2)> relative to the jet axis

^Fτ2∣J2> (3.1.2)
Thus we obtain the value which is remarkably larger than the typical hadronie transverse momentum <jpτ> ~ 0.35 GeV.

Fig. 2. Fit of the formula (3.1.1) (plots A, B) and (3.1.3) (plot C) to the P0ut distribution (SFM data from Ref. [1])For P2x > Pu the second part of (2.1.11) should be used (see Aρpendix) and we find then
dP0atdP2xdy2 "

A Pt>2 Pmi2
se p√⅛.= F(p2x, xe, y2). (3.1.3)

Thus we expect that for P2χ > Pτι ⅛e Pout distribution should become broader with the slope Am

2 (3.1.4)



659This effect seems to be indeed present in the data (see the plot C on Fig. 2, where the slope is really smaller).The physical meaning of this broadening is the following: for pτl > P2x the configura- tion measured in the one presented in Fig. 3: particie 1 is the jet particie, particie 2 comes from the J2 decay and its Pout is determined by the slope A. For P2χ > pτl the inverse

Fig. 3. Pictoral explanation of the broadening of the PBM distribution in the quasi-exclusive component for 
f,2x > Pii- In Fig. 3a particie 1 is the jet J1 particie and Pout distribution is determined by the slope A.In Fig. 3b particie 1 comes from the jet J2 and the Pout distribution is broaderconfiguration is detected: the particie 1 is now the jet J2 fragment and the particie 2 is the jet particie. The mean Pout grows, it starts to depend on momenta and, as seen from Fig. 3, formula (3.1.4) can be obtained from simple geometrical considerations.If further experiments confirm the P2x and pτl dependence of Am given by (3.1.4), it will be the strong support to our guess that the quasi-exclusive component dominates in the opposite side correlations. Notę that for the double-jet process the point pτl = P2χ is not market out in any way and thus no essential changes in Pout distribution are expected in coming from the region pτι > P2χ to pτl < P2x.3.2. xE distributionThe best place to study the jet structure function is the xE distribution, measured bySFM group [1]. For fast fragments of the jet we have xe ≈----- and intergrating (2.1.11)

Pti over angles we find
dN°%ly ~

dxE « f ‰ + 1)-(1-XkΓiW-xe)∙
XE

(3.2.1)
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Thus we expect that the xe distribution vanish for xE > 1 (in a morę rigorous numerical analysis one should take also into account the inverse contribution which would introduce some smearing of the xje distribution around xE = 1). On the other hand, in the double-jet process the point xE = 1 is by no means marked out and the resulting xE distribution does not vanish for xE = 1.As seen from Fig. 4, dN∣dxε is indeed strongly damped for xE > 1 and it provides the next evidence for the dominance of the quasi-exclusive component in the opposite side correlations.We find from Fig. 4 that the best fit can be obtained for g2 j, = 2. This value seems to be rather reasonable in view of parton model counting rules, where g2μ2 = 2m2∣h- 1,

Fig. 4. Fit of the formula (3.2.1) to the xE distribution (SFM data from Ref. [1])m2∣j2 beeing the minimal number of quarks which must be slowed down to produce the fast fragment 2 from the jet J2. For simplest jets (quark, diquark) we find for meson production
^M∣(qq)Thus one can try to understand the experimental value g2∣b = 2 as a result of some mixture of quark and diquark jets.3.3. y2 distributionIt was reported first by PSB-Collaboration and then by DILR, ACHM and SFM groups [3, 4, 5, 1, 6] that one observes on the opposite side to the large pr trigger a broad enhancement on the rapidity axis with the width of order of 4 units. The shape of the



661bump depends rather weakly on the momentum of the associated particles (see Fig. 5, where the SFM data for yl = 0 are presented). The position of the maximum y”3’ is only weakly correlated with the rapidity yl of the trigger. It can be observed in Fig. 6 where we have ρlotted y™ax as a function of y1. Some weak back-to-back effect is observed for

Fig. 5. y2 distribution (away) for y1 = 0, <pτι> = 2.5 GeV∕c for various P2x. Solid (dashed) linę is the prediction of the model for a = 0 (a = 4) (Formula (3.3.1)). SFM data front Ref. [1]smali j’i and only for pion triggers, a weak anti-back-to-back effect seems to develop for larger values of j1. However, the generał trend on the bump is to stay at y2 = 0 irrespectively of the rapidity of the large pτ particie.Various parton models were found to be in trouble with the explanation of this peculiar rapidity distribution and therefore our, to a large extend, model independent considerations seem to be especially useful in this point. From the formula (2.1.11) we have (3.3.1)where (3.3.2)
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The first remark we make is that y2 distribution depends very weakly on A: one can safely take the limit A → oo, i. e. tum back to the zero width formula (1.1) without essential changes in (3.3.1). The pτ2 dependence of the width ∆y2 is also very weak: even for2
pτ2 = 0.35 GeV the width is greater than its asymptotic value ∆y∞ = ■ onlyV Bxτι + aby a factor 1.6, and for pτ2 > 0.5 GeV the pτ2 dependence of ∆y2 is completely negligible. On the other hand the width depends essentially on the value of ot. It can be seen in Fig. 5,

Fig. 6. Position of the maximum of the opposite side bump on y2 axis as a function of the rapidity y1 of the large pτ trigger. Data are taken from Refs [38], Solid lines are the predictions of the model (Formula (3.3.2) with yl neglected)
where the formula (3.3.1) is plotted. Thus, exactly as on the one-particle level, we conclude that only the model with a = 0 is able to fit the large pτ data.Let us come now to the problem of the position of maximum. The second term in(3.3.2) is consistent with zero in the present rangę of .vτl, yl and thusy™' depends essentially on the value of a.To have the bump which stays at y2 = 0 when y1 changes from 0 to 2 once morę the model with a = 0 is needed.3.4. pτι dependence of the associated multiplicityIt is a well-known observation (3, 7, 5], that the associated multiplicity measured in the narrow bin in φ around φ = π (i. e. exactly opposite to the trigger) grows nearly



663linearly with pl. From our formula (2.1.11) we find

∖A(Bxτι+d) Γ ∕ 4√lp∣1x^2π Pri J dX2 ∖ 4Ap½lx½+Bxτι+a fch∣√x2)> (3.4.1)
where we have changed the integration variable pτ2 → x2 =----- . Since Fch∣j2(x2) isPti 2finite for x2 → 0, for sufficiently large pτl we can replace the square root in the integrand by 1 and we obtain

where the last equality follows from (3.1.1). Thus we obtain the effect observed experi- mentally.As seen from the calculation presented above the growth of multiplicity exactly opposite to the trigger is of pure kinematical origin: it does not depend on the detailed 

Fig. 7. Multiplicity of the charged particles in the angular region ∣9>∣ < 23°, ∣y2∣ < 1 as a function of the transverse momentum of the trigger. Data are taken from Ref. [7], solid (dashed) linę is the prediction of the model for x = 0 (cc = 4) (formula (3.4.2) with the background (3.4.3))shape of the jet structure function and therefore it would be present even for the jet with 
constant total multiplicity.To compare the function (3.4.2) with the data, a Iow pτ background must be added to the jet contribution given by (3.4.2). Using the standard parametrization for Iow pτ 

(3.4.2)
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two-particle distribution we fmd

⅛lΛ x^l+ce->~y∖
dφdy2∕i0∙wpτ 2π

(3.4.3)
where the height of the rapidity plateau for charged particles n0 = 1.65, the correlation coefficient c = 0.75, the correlation length 1 = 2. Formula (3.4.2) with (3.4.3) added is compared with the CCR data [7] in Fig. 7.Notę that large value of α is once morę excluded.3.5. φ distributionThe azimuthal distribution of associated multiplicity was first measured by the PSB-Collaboration [3] and then by others groups. One observes a very broad enhancement on the opposite side to the large pτ particie. It can be seen in Fig. 8 where the φ distribution normalized to its Iow pτ value is presented for large pτ π0 at 90°.

Fig. 8. Azimuthal distribution of associated charged particles. Data are taken from Ref. [3], the solid linę is the prediction of the model (formula (3.5.1) with the background (3.5.7) and the Iow p↑ distribution (3.5.8)lntegrating (2.1.11) over pτ2 and neglecting the pτ2 dependence of the square root factor √4Ap⅛2∣(.4Ap⅛2+Bxτl+<x) we find 
(3.5.1)

where 1 = Ap2ll sin2 φ and
Notę that for φ = π we have λ = 0, Φf,shll2 (0) = 1 and (3.5.1) reduces to the formula (3.4.2) discussed in previous section. Thus the height of the Φ enhancement should grow with p∏



665according to the function presented in Fig. 7. The width of the bump is determined for the function (3.5.2). For smali λ we have from (3.5.2)
(3.5.3)

while for large λ

(3.5.4)
As seen from (3.5.3), (3.5.4), the width of the φ distribution depends on the transverse momentum distribution (A dependence) as well as on the longitudinal structure function (gcb∣j2 dependence) in the jet fragmentation formula (1.5). In particular, for gch,,2 = 2 we have

(3.5.5)
To compare (3.5.1) with the PSB data we must add Iow pτ background and divide the result by the Iow pτ distribution, i. e.

(3.5.6)
Jet component in (3.5.6) is given by (3.5.1) and for the background and Iow pτ component we take

(3.5.7)
(3.5.8)

The formula (3.5.8) is the usual Iow pτ parametrization. By taking the background as given by (3.5.7) we assume that soft secondaries accompanying the large pT particie are produced by the same mechanism as in the usual Iow pτ events and are uncorrelated with the large pτ particie. Numerical values of n0,c,λ we take, are given in the preceding section.The formula (3.5.6) with (3.5.1), (3.5.5), (3.5.7), (3.5.8) included is compared with the data in Fig. 8.
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3.6. Total associated multiplicityAs noted in Sec. 3.4, the linear growth of associated multiplicity exactly away to the Iarge pτ trigger is only a kinematical effect and cannot provide any information about the true jet multiplicity.To calculate the total jet multiplicity we have to integrate (2.1.11) over pτ2,y2, φ. The result reads

(3.6.1)Notę that the logarithmically increasing total jet multiplicity simply reflects our input 
dxfor the jet fragmentation (1.6) with ---- (i. e. fiat in rapidity) distribution in the smali x
xregion.On the contrary to (1.2) and (1.4), here m„ appears as the mass scalę. This is because the main contribution to A°g[1> come from the soft particles for which the mass is a relevant parameter. In discussing the distributions (1.2) and (1.4) the masses can be neglected sińce 

Fig. 9. Opposite side jet multiplicity, extracted from the charged multiplicity measurements by PSB Collabo- ration [3]. The right-hand scalę correspond to the original PSB result, the left-hand includes the correction coming from the forward jet (Sec. 3.6). Solid linę is the prediction of the model (formula (3.6.1))— it refers to the left-hand scalęthey refer to fast particles only. As seen from (3.6.1), for pτι = 3 GeV∕c, what is the typical value for the present correlation measurements, the opposite side jet contains in the mean 3 charged particles. It is a rather weak effect when compared with the total charge multiplicity in the ISR region <nch> = 12 and thus the background analysis must be 

f<>γ ^cb∣j2 = 2 we have



667performed especially carefuly. At this point it is morę useful to subtract the background from the data instead of adding it to the formula (3.6.1), sińce we are interested just in the magnitude of the total jet multiplicity.The analysis of this type was performed by the PSB-Collaboration [3]: jet multiplicity was calculated, roughly speaking, as a difference between the opposite side and the same side multiplicities associated with the large pτ π0 at 90°. The resulting jet multiplicity is presented in Fig. 9 (right-hand scalę). However, this procedurę is correct only if the 

Fig. 10. Two-particle distribution for two largep-r in the same direction: θl x θ2, φ x 0 (left-hand scalę). Solid lines are drawn by hand through the one-particle distribution data, taken for p = p1+p2 (right-hand scalę). Data from Ref. [2]
pτι ∙pτ2 CGeV∕cJ

quasi-exclusive component gives the leading contribution to the same side correlations,i. e. the largepτ is produced always alone. From the ACHM data [2, 5] we know at present that this assumption is not true: we point out in Sec. 4.1, that to explain the same side correlations, a double-jet component must be present. Simultaneously, it gives only smali correction to the opposite side correlations. It implies that the same side associated multiplicity contains except of the background also a part correlated with the large pτ particie (forward jet). It was found by the ACHM group, that after subtraction of the background it remains 0.85 + 0.15 particles per event in the forward hemisphere morę 
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exactly, in the angular sector: ⅛,1 — v2∣< 1.5, 'φρ∣<60o. It is presented in Fig. 11 and discussed in Sec. 4.2. Thus to obtain the correct value of the opposite side jet multiplicity one has to add 0.85 + 0.15 to the PSB result. We make it simply by shifting the scalę: the left-hand scalę in Fig. 9 refers to the corrected jet multiplicity. Solid linę in Fig. 9 corresponds to the formula (3.6.1) — it refers to the left-hand scalę too.Let us notę to the end of our analysis concerning the opposite side correlations that except of the P0at and xE distributions where the values of A and gch∣j2 were fitted, all

Fig. 11. Multiplicity of particles associated with the large pτι particie measured in the angular region !y1-y2∣ < 1-5, ∣φ∣ < 60° of the forward hemisphere versus the transverse momentum of the trigger. Data are taken from Ref. [5], Solid linę is the prediction of the model for large values of pγ1 (formula (4.2.3))other curves (Figs 5-9) were calculated without any further free parameters: B, ot, N are fixed by the one-particle distribution, the overall normalization constant nch∣j2 is determined from (3.2), n0, λ, c in (3.4.3) and (3.5.7), (3.5.8) are taken from Iow pτ physics.
4. Same side correlations — comparison with experiment4.1. Two-particle inclusive distribution — momentum dependence and normalizationIn the preceding Chapter we have found that the single-jet process with A = 2, a = 0,g2∣j2 = 2 can describe quite well the opposite side correlation data.In the following we try to use the same process to calculate the same side correlations. We have two additional parameters in the formula (2.2.4), appearing in the two- -particle jet distribution n12∣j2, gι2∣j2. Using the phase space sum rule

1 -X1X ∫ dx2x2Gl2<li(xl,x2) = (l-x1)G1∣j1(x1) (4.1.1)
2 oand retaining only the leading contribution on the left-hand side (i. e. the one with the smallest value of g12∣,2) we And
gl2∣J2 = l>l∣J2* Σπ12∣J2 = (gl∣J2+ 1),,1∣J1-

2
(4-1.2)



669Let us look at the same side two-particle distribution when both particles are produced in the same direction, i. e. φx,y1-y2∖ ≈ 0. We find from (2.2.4)
(4.1.3)

(Pti +Pτ2)2The factor r ≡ —i——~ can be bounded 1 ≤ r ≤ 2 and thus it gives only smali 
Pl∖ +∕⅛2variation of the total yield. In the following rough estimates we put it to be equal to 1.5. The remaining part of the formula (4.1.3) is nothing but the one-particle distribution taken for p = pl+p2, the only difference being the overall normalization constant. This effect is indeed observed experimentally.In Fig. 10 the two-particle data for two πc-s in the same direction are presented (left-hand scalę). The solid lines are drawn by-hand through the one-particle data (right- -hand scalę). Both pieces of data are taken from ACHM experiment [2],Thus it suffices to multiply the one-particle yield by a factor of 0.3 (see the difference between the left-hand and right-hand scales) in order to obtain the reasonable fit to the two-particle distribution for all typical ISR energies.However, the problem arises if one looks at the normalization. Denoting

1 x-1x'2 -5 -5 i
∖ d pιd p2Jφ=∖yt-y2^0

\ “ P∕ p=p1 + p2

we have from (2.3.1), (2.3.5), (4.1.2)
R12 ≈ — r ⅛ < — r<xiv"2> < 0.025 π c1∣j1 πwhile the experimental value found in Fig. 8 reads

jR12 = 0.30.At this point our model fails: the quasi-exclusive contribution gives 10 times too smali value of the same side correlations. The reason is quite obvious: in the single-jet process it is much easier to produce one large pτ particie than a pair of them sińce the single particie can be the jet particie while the pair in the same side can be produced only as a result of jet J2 fragmentation. But, as noted in Section 2.3, the jet fragmentation introduces the damping factor <xλl^2> relative to the quasi-exclusive production and therefore the ratio Λ12 is very smali.
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The situation is quite different for the double jet process: now the single particie as well as the pair are produęed by the jet fragmentation and the damρing factors <xj*~2> 

cancel in calculating of R12 ; we find
r = 1.26.

Hence R12 is too smali by a factor of 10 for the single-jet process and too large by a factor of 4 for the double-jet process.The simplest guess one can make to solve the problem is that both types of processes contribute. Let us try to calculate R12 in this case. .We have 
where
To reproduce the experimental value Rl2 = 0.3 one must take⅛s = 0.31what in tum gives

The meaning of the ratios 7⅛ and ⅛s is the following: ∕⅛s is the ratio of the hard scattering cross-sections in the double jet and single jet processes; J⅞s measures the relative contributions of the double- and single-jet processes to the one-particle inclusive distribu- tion and to the two-particle distribution on the opposite side, sińcecι∣j1 — cj1 + ⅛i — ⅛ + <** 2>cF1 ~ cj1(1 + ⅛s)∙Thus the correction from the double-jet process to the opposite side correlations is only of order of 30%: the quasi-exclusive contribution dominates (70%) and our results found in the preceding Chapter remain valid to a good approximation.Let us summarize the results of this section:1. The single-jet component is not able to reproduce the large value of the same side correlations: it fails by a factor of 10.2. The correct value of R12 can be obtained by adding the double-jet component with the hard scattering cross-section greater at least by a factor of 17 than the corre- responding cross-section for the single jet component.3. The double-jet component gives morę than 90% of the two-particle distribution on the same side.
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4. The single jet component gives about 70% of the one particie distribution and of the two-particle distribution on the opposite side.To the end of this Section we wish to notę that the problem discussed above was considered recently in a slightly morę phenomenological context (i. e. without refering to hard scattering models) by S. D. Ellis et al. in [10], One caneasily verify that the param- eter αh introduced in [10] is nothing but 1∕Rids in our language. The value αh = 4 obtained in [10] can be compared with l∕⅛s = 3.2, found by means of the rough estimates, ρresented above.4.2. Momentum dependence of the associated multiplicityThe experimental information is here very simple: the multiplicity of particles produced in the same side as the large pτ trigger does not depend on pτl and is of order of 1 after subtraction of the background (see Fig. 11 where the ACHM data [5] in the angular region: ∣y1 -j'2∣ < 1.5, ∣φ∣ < 60° are presented. The same side multiplicity was also measured by PSB [3], CCR [7] and DILR [4] groups. The ACHM data are most useful for our purposes due to the background subtraction).From (2.2.4) we find

(4.2.1)
where the last integral is calculated for m = mπ, B = 13. Thus we obtain indeed the constant multiplicity (at least for large values of pτι) and using the experimental value of Rl2 (see Sec. 4.1) we get (4.2.2)
The factor of 2 is present sińce we ask about the charged multiplicity and have to our disposal the value of R12 for two π0-s.It is interesting to notę, that the same side multiplicity tends to some constant with 
pτl increasing in any fixed angular region (and not only when integrated over the all forward hemisphere). We have from (2.2.4)erf (√^!sin φ0∣)erf(√J λ)NJJ1',. (4.2.3)In particular, the ACHM data presented in Fig. 11 correspond to y0 = 1.5, φ0 = 60°. From (4.2.3) we obtain

X7same I ~ ∏’ ch(l)l{yι ~X2∣ < i∙5,∣Φ∣ < 60o λ-, '-'∙>'o>what is consistent with the experimental value 0.85+0.15.
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4.3. y2 dependenceContrary to the broad bump on the opposite side, the same side rapidity distribution is narrow, centred at the rapidity of the trigger and shrinks prominently with increasing momentum of the associated particles. Ali these effects are typical for the jet dynamics and are certainły present in our formula (2.2.4). We have

dN%T)

dy2

PT∣2PT22 
PT12 + Pt22

(>'l — J∙,2>2 (4.3.1)= A0e^x
The function (4.3.1) with A = 2 is compared with the ACHM data [8] in Fig. 12.

Fig. 12. y2 distribution of the same side associated multiplicity. Solid lines are the predictions of the model {formula (4.3.1)). No background corrections are madę and therefore No in (4.3.1) is fitted to each curve separately. Data from Ref. [8]The essential difference between y2 shapes on the same and opposite sides find in the parton models a very convincing explanation: sińce jets are colimated, the direction of the triggered large pτ particie fixes apρroximately the direction of the forward jet and we observe a narrow bump in y2 around y1. On the other hand, in the same measurement the 



673
direction of the opposite side jet is not fixed because the c1c2 system has some finite Y distribution. The width of the opposite side y2 distribution is determined by the width of the Y distribution of c1c2 system, sińce

y2 = Y+y2 ≈ Y+yj2 = Y-yii ≈ Y-y,ι,

2
∆y2 ≈ ΔY = -—.------ . (4.3.2)√ Bxτι + aThus the same side y2 distribution measures the width of the jet, while the opposite side -y2 distribution measures the mobility of the c1c2 system on the rapidity axis.

5. SummaryWe end this ρaρer with a brief review of the results we have obtained.We have analysed the large pτ data using generał parton model formulas and we have found in this way some non-trivial constraints which must be obeyed by the “good” parton model.1) Strong evidence is found for a very special form of the hard scattering cross-section, <∕σ11 ^reported first in [9]: —-„—should be only a function of pτ, i. e. it should be independent 
dtof angle at fixed pτ.2) It is proved that the same side correlation data cannot be explained by means of one leading subprocess: the single jet ρrocess gives much too smali, and double-jet process much too large value of the correlations.One can obtain the correct description of correlations by adding both contributions but only if the double-jet component has the hard scattering cross-section larger at least by a factor of 17 than the single-jet component.Double-jet component dominates in the same side correlations (90%) and the single-jet process gives the leading contribution (70%) to the opposite side correlations.3) The jets in the finał state should be rather broad with the mean transverse momentum of the order of 0.63 GeV.4) The jet structure function should fali for x → 1 like (1 — x)2._The models which posses all these properties give good description of existing large 

pτ data on the two-particle level.The authors are grateful to A. Białas and to R. Wit for continuous help and encourage- ment during the course of this work and for the critical reading of the manuscript.
APPENDIXIn this Appendix we calculate formulas (2.1.3) and (2.2.4) for the two-particle distribution.Let us start with the opposite side distribution. To perform the integration over angles in (2.1.1) we approximate the exρonents in (1.5) using the steepest descend method.



674
We find

g “ Λ(pτi | j12 + P12 I Jg2) -A 
e

Pτi2Pτ22 
Pτ12 + Pτ22

[sin2 <p + (2Y-(yl + y2))2l

The integration over xcι, xC2 in (2.5) can be performed by the method described in Ref. [9]: we change variables xcι, xc2 → M, Y, where M and Y are the mass and rapidity of the c1c2 system and approximate the Y dependence of the integrand by a Gaussian. Using the parametrization (2.4) for the hard scattering cross-section we obtain finally

(A.1)
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where b = gc,μ + gc2∣ll,

⅛1. yi) =
= łln (A.1')

[bx-∏, ≡t- ------ — i (1 +cosh y1) + - ---------cosh yl 
bxτjl + <x bxτll+<xa bxτj

τ—r~ +1—r~ y^oxτjl + a oxτjl+al~⅛⅞ej,*l-⅜¾j1e^n ’The last step is to perform integrations over x1, x2 in (A.l). It can be done the mean value theorem (see Ref. [9]). It is convenient to consider separately Xyι Ξ⅛' x"τ2χ λ⅛i < Xτ2 ∙ Fθt xτi > x^j'jf, (Ij
by using the cases (1, 2) or (2, 1), we ρerform the xτt inte- gration with the δ function and xτi integration by means of the mean value theorem.The finał result can be expressed as follows: denoting by

(A.2)where N = 2n,
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we can write for the process (A, B) → (c1c2) → (J1J2 → (1, 2) + X

dσ 
^pΓd3p2 
.E1 E2 AB→l+2+X= (?2(Pti» Pt2> J’i> J2, φ> Uj1, 2]J2)0(pτι-pT2)

+ 92(Pτ2> Pri’ >’i> >,2> 9S 2∣J2, l∣Jι)β(pτ2-pτι)÷P2(Pτ1> Pτ2> ∙fι> J,2> <P', l∣J2, 2∣Jj)0(pτι — pτ2)+ρ2(Pτ2> Pτι> yi, y2, φ,, 2∣ J1, 1∣J2Wτ2-p∏)∙ (A.3)The last two terms have appeared as a result of the symmetrization J1 <→ J2. For the quasi-exclusive contribution (1 = J1) one has to put in (A.2)

To give sonie feeling about the relative importance of various terms appearing in (A.3) we notę that:a) the second and the fourth term are damped relative to the first and to the third,
∕Ptl respectively, by the factor I----- I ;
∖77T2 /b) if J1 = J2, the symmetrization J1<→J2, resulting in the last two terms, reduces to multiplication ot the first two terms by a factor of 2. If J1 ≠ J2, the normalization factors ci∣j2>ci∣j2 differ very essentially√<x*-2> is rapidly varying function of gj∣jlj2 and to a first approximatioιi we can retain only the contribution with the smaller .value of g).If we fix labeling of jets in such a manner that g1∣,1 ≤ then, taking a) and b) into account, the leading contribution in (A.3) can be displayed as follows:

× e2(Pm Pτ2, yi, y2, <p; 11Jt, 2∣j2), where ρ2 is given by (A.2).



677The same side two-particle distribution can be calculated by the same method. We have

Integration over angles in (2.1.1) gives 

where x12 = x1+x2, ∙vτ12 = xτ1+¾2∙Integrating over Y and x12 exactly as in Ref. [9] we obtain finally the formula (2.2.4).
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