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Summary. — The 4-momentum distribution, d*#(K), of the multiple soft-
gluon emission is studied using a Bloch-Nordsieck approach. An asymp-
totic separability is found: d*#(K) ~ dP(K.) dP(K_)d*P(K,), where K, =
= I, = K;. Their effect in @ pair production is investigated and explicit
expressions for the double differential cross-section are obtained. The slope
of the mean transverse momentum with total energy is calculated and com-
pared with data. Our mean scaling curves are also in good agreement
with experiment. Further tests are suggested.

PACS. 13.85. — Hadron-induced high- and superhigh-energy interactions,
energy > 10 GeV.
PACS. 12.35. — Composite models of particles.

1. — Introduction,

The Drell-Yan (1) (DY) mechanism for production of lepton pairs in hadron-
hadron scattering is by now firmly established (2%). Several papers have been

() 8. Drerr and T. M. YaN: Phys. Rev. Lett., 25, 316 (1970); Ann. Phys. (N. ¥.), 66,
578 (1971).

{?) L. M. LEDERMAN: Proceedings of the XIX International Conference on High Energy
Physics, Tokyo, 1978 (Tokyo, 1979), p. 706.

(®) G. MarTHIAE: Riv. Nuovo Oimento, 4, No. 3 (1981).
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devoted to computing important quantum chromodynamie (QCD) corrections
to the basic DY Born amplitudes, altering the absolute value of the cross-
section (+7) as well as its dependence on the transverse momentum (5-19),

In this paper we present the effects of summed-up soft gluons on the DY
spectrum. The formalism we use is based on the elassic Bloch-Nordsieck method
of utilizing classical currents to obtain the required summation. For this pur-
pose a coherent-state approach was developed (1) and used successfully in
a variety of problems: ete~ annihilation (*?), K | -distribution of jets (%), deep
inelastic moments (1) and mean scaling (**). A comparison of this formalism
with the renormalization group was also made in ref. (*4).

In this approach the quantity to be computed is the 4-momentum prob-
ability distribution d*#/d*K, where K is the momentum of the QCD radiation.
We first show that there is an asymptotic separability of this digtribution:
P (R) ~ dP(K.)dP(BE_) 2P (K ), Wwhere K, = K,+K;. This allows us to
obtain a very simple expression (eq. (4.3)) for the differential cross-section
do/dz, dw, which can be used to study scaling violations. Hspecially for meson-
nucleon and pp initial states, where the «sea» contribution is expected to be
small, it is possible to do a moment analysis reminiscent of that for deep
inelastic scattering. Bven if the « sea » contribution is not completely ignored,
large n moments probe the infra-red (IR) region and thus our soft-gluon ex-
pressions may be useful. As a by-product we obtain a compact formula for
CEE (@4, @2y 8)) (eq. (5.3)). Sinee no «intrinsic» (or «primordial») K, has
been included in this formula, at best we can hope to obtain the (dimensionless)
derivative OCK? (@, @y, 8)>/0s. If we perform such an analysis for m-nucleus

(4) G. Parisi: Phys. Lett. B, 90, 295 (1980).

(®) 6. Avrarerri, R. Exris and G. MARTINELLI: Nucl. Phys. B, 143, 521 (1978);
146, 544 (1978); 157, 461 (1979).

(6) J. KuBaR-AxDRrE and F. E. Pace: Phys. Rev. D, 19, 221 (1979).

(") G. Curci and M. Greco: Phys. Leit. B, 92, 175 (1980).

(®) Yvu. L. Doxsurrzer, D. 1. D'Yakonov and 8. I. TroJAN: Phys. Lett. B, 78,
290 (1978); 79, 269 (1978).

() G. Parist and R. Perronzio: Nucl. Phys. B, 154, 427 (1979); K. KajaNTIE and
J. Linprors: Phys. Lett. B, 74, 384 (1979); J. CLEYMANS and M. Kuropa: Phys.
Lett. B, 80, 385 (1979); J. C. CoruiNs: Phys. Rev. Leil., 42, 291 (1979).

(*) F. Harzew and D. M. Scorr: Phys. Rev. D, 18, 3378 (1978); 19,216 (1979).

(%) M. Greco, F. PaLumBo, G. PANCHERI-SRIVASTAVA and Y. Smrivastava: Phys.
Lett. B, 77, 282 (1978).

(*2) G. PANCHERI-SRIVASTAVA and Y. SRIVASTAVA: Phys. Rev. Lett., 43, 11 (1979).
(%) @&. Cumrcr, M. Grroo and Y. SRIvasTava: Phys. Rev. Lett., 43, 834 (1979); Nucl.
Phys. B, 159, 451 (1979); PLUTO COLLABORATION: Phys. Lett. B, 100, 351 (1981).
(1) G. PANCHERI-SRIVASTAVA, Y. SRIVASTAVA and M. RaMON-MEDRANO: Phys. Rev. D),
2533 (1981).

(1) G- PANCHERI-SRIVASTAVA and Y. SRIVASTAVA: Phys. Rev. D, 21, 95 (1980).
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scattering data obtained by the NAS3 group (»%), we find 0.0032 for this deriv-
ative, in agreement with the experimental value (*6).

An approximate formula for d27(K ,) obtained earlier (*5%7) is used to discuss
mean sealing. Data from the CFS group (2:18) are compared with the theoretical
expression and good agreement is found.

2. — Notation and factorization formula.

In this section we introduee kinematics for the DY process and set up the
formalism through which soft gluons will be incorporated in the cross-section.
Our approach rests on two eonjectures which have been proved valid at least
in the leading logarithmic approximation. They are that the emission of IR
gluons is finite to all orders in the QCD coupling constant «, and that it ex-
ponentiates as it does in QED, with non-Abelian effects appearing only through
the energy dependence of «, as obtained via the renormalization group equation.

To zeroth order in e,, the cross-section for the DY process, quark | anti-
quark — ptp~ is given by

dio Ao

(2.1) azé = —‘Q-Q—; 3§64;(P, — q) »

where ¢ is the 4-momentum of the y pair, ¢,¢* = @2, and P’ is the momentum
of the qf system. DY cross-section is obtained from eq. (2.1) by folding in the
quark and antiquark probability distributions

) (57),. = or 3 et an [an dtsnrs— @ e To) + Fim)f)

i

where the sum extends over all flavours and s is the square of the total c.m.
energy.of theineoming hadrons. The DY crosg-section does not account for many
features of the p pair distribution, particularly the K  -dependence. To lowest
order in «,, this is obtained through the process qf — (utu~) - gluon for which

(1¥) J. Bapier, J. Boucror, G. BuraUN, 0. CAarror, Pu. CHARPENTIER, M. CROZON,
D. Decamp, P. DELPIERRE, A. Dior, R. DuBE, B. Ganpors, R. HagerLsere, M. Haxs-
rovUL, W. Kignzie, A. LarontaiNg, P, Le DU, J. LerraNgors, TH, LErAY, G. MAT-
THIAE, A. MicHELINI, Pm. Ming, H. Neuven Ncoc, O. RuNoLrssoN, P. SIEGRIST,
J. TIMMERMANS, J. VALENTIN, R. VANDERHAGHEN and 8. Wzisz: Phys. Lett. B, 89,
145 (1979); 93, 394 (1980); presented at the International Symposium on Leplon and
Photon Interactions at High Energies, Fermilab, August 1979,

(1) G. PANCHERI-SRIVASTAVA and Y. Srivastava: Phys. Rev. D, 15, 2915 (1977).
(*8) J.Yom, 8. Hegs, D. Hom, L. LeperMAN, J. Sexs, H. Sxyper, K. Uexo, B. BROWN,
C. Brown, W. Innes, R. Kermart, T. YamanNoucHr, R. Fisk, A, Ito, H. JOSTLEIN
and D. KapraN: Phys. Rev. lett., 41, 684 (1978).
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the differential cross-section reads (%)

dogz  202a,Cp , Qf 1 \
(2.3) dgzdz  9Q2s 6Q( B 8’)1 e 1+ 22+ @k,

‘where

s’ — Q2
2 1 —
SIZP’=4.E2, k= 2'\/{_}7

is the gluon c¢.m. momentnm and Z = cos 0, where 0 is the scattering angle
in the e.m. For 8T, ., C, = %.

When this eross-section is folded with the «primitive » parton densities,
@*-dependent parton densities can be defined (*°), which to first order in o,
agree with those obtained from deep inelastic scattering (DIS). In a previous
paper (14) an expression was obtained for the parton densities which incorporates
the leading soft-gluon corrections to all orders in «,. We would like to show
similar momentum-dependent parton densities for the Drell-Yan process as well.

It is quite useful for what follows to ernploy the light cone variables &, =
= k(1+Z). Equation (2.3) may then be recast as

(2.4) do  2a0,630r 1 (L —k [\/67)2+ (1 —Ek_[4/57)2
: ey do. 98" Tk L—k Vi — ke

Equation (2.4) allows us to form a probability distributien in k.:

ox X2 1 Ao _Gm 1 (=) (A=)
D) Tor @b T @) Wy AL m k. B[L— ke Ve — o v/5T]

In eq. (2.5), IR divergence in both &, and %k_ variables is exposed. Also,
it is seen that the distribution d*Z(k,, k_) is separable in the IR region. This
would be quite important to us later in showing the separability of the summed-
up gluon spectrum.

Also, the collinear hard singularity is rather transparent in eq. (2.5). If
we insert a regulator mass m and consider Z —-41 so that k¥, — 0, we find

47 o, Op(  2EN1+ (1 —Fk/E)*
(2.6) W e ‘(lw)—* %
if we retain only the singular part in m.
In the appendix, we consider the n--soft-gluon emission process quark
(p;) + quark (p,) = (ptu~) - (n soft gluons). We sum over #, color-average

(*) G. ArrarErry, G. Parisi and R. PerrONzZIO: Phys. Leit. B, 76, 351 (1978).
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and add virtual contributions to obtain (at the leading order) eqs. (A12)-(A.14):

d4
@.1) (%) —[¢om oty — K —a),
q ga—>ptp T hesotty s

where ¢,,,.(9) = 47?/9Q* and the 4-momentum distribution of the QCD ra-
diation is given by

SP(E) [ dw

(2.8) F(K) = FlVre @) . exp [PK o — h(x)],
with
(2.9) h(x) — f an(k)(1 — exp [— ik-])

and d*%(k) defined in eq. (A.11). Now, as is usual, we insert the quark/antiquark
probabilities in eq. (2.7) to obtain for the observed hadronic cross-section

dio 4o

(2.10) (ﬁ)mmm-g_ 907 2 2.6 f dylf Ya Uy Folye) + Fow) Fo(0) ] F(P'—q)

In writing eq. (2.10) we have neglected any intrinsic transverse momentum
for the partons. We shall return to this problem Iater.

In the next section, we obtain approximate expressions for F(K), which
we then use to discuss the double differential cross-section as well ag the trans-
verse-momentum behavior.

3. — Asymptoetic separability and appreximate forms for d*Z(K).

In this section, we examine the structure of d¢*#(K) in detail and try to
exploit the consequences of taking the zero-mass limit, m —0, in eqs. (2.8)
and (2.9). As an inspection of these equations shows, the distribution of d*#(K)
exhibits a mass singularity, which can be dealt with by introducing a small
regulator (mass)? u ~ m?2. One can then show that, in the asymptotic limit y— 0,
the distribution separates info the produet of independent distributions in
the light-cone variables, i.e.

(3.1) BP(E) v, AP(K,) AP(E_)L:P(K ),

) /,LT:;O

where d*Z(K ) is finite as y — 0.
The above separation is obtained by first considering the function A(z),
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defined in eq. (2.9), in the ¢gq c.m. frame:

z VETR
(3.2) h(w)EO f dk} (k) f T +—k;{ — exp [——(k b To_t )] (kLmL)}
w

—V B,

where 2F is the c.m. energy and t, = t-tws, k, = ky-k%;. To study the be-
havior of h{x) as u -+ 0, it is convenient to introduce the functions

(3.3) hi(t, @5) = k(¢ 055 2, = 0) =

Ty

_c far Yoak, ; |
Or o) [ .V_k_;__i_fz ll — exp [—Z_ (bt mm]]
L, 3 Ll

“ VEFE_,
and
5 ,‘/Ez_kz
(3.4) hy(w)=h(t=0 w—O'w)——g——ngkz (kﬂ)[l Jok, 2 )]
. W) = T o= )= 72 ok, o) '\/kz—{—k
“ ——\/E“_k“

such that A is logarithmieally singular, whereas h, i regular and goes to a
constant as y — 0.

From eq. (3.3) we see that h ~logu as pu —> 0. We now proceed to also
determine the behavior of 7, and the relationship of 4 to b and &, .
From egs. (3.2) and (3.3) we find

o .
(3.50) T [h— hy] =

v —p

w1 —Jo(Vie,)] f \/

"VEZ—-[,L

exp [—-% (Fit_ -+ kL t+)]

with &, =+VEF+ p £+ k. As u->0 the r.h.s. of eq. (3.5a) - (uln p)f(@).
Thus (0/0u)(h — hy)~log y and is divergent as w — 0. We may improve the
behavior by considering h— k,— k,. We find

)
(3.5b) /4 éﬁ [bP—hy—h,]1=

VI, Eg—,u

:——-ac(‘u W1—dJo(Wnz,)] f Vi Ak [1 — @Xp [——% (RS k’_t+)]] .

.—.‘\/Ei_#
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Now, ag g — 0, the r.h.s. of eq. (3.8b) — ul(x) and hence h — by by gz,
tyyt) + O(u), where g(w, , ¢, ,¢ ) is independent of 4, and may be neglected.

One may argune that, while the inftroduction of h, resulted in the improved
behavior exhibited on the r.h.s. of eq. (3.5b), h, is not singular as # —0 and
one should keep g as being potentially comparable to % .. However, we
find from eqs. (3.2)-(3.4) that g~ (¢, 1) z}. Thus it would contribute only
when ¢, ¢ and &} are all nonzero. In this case the h, term is also present,
which goes as log u and hence dominates the behavior of % asg #—90. On
the other hand, if we integrate eq. (2.8) over d K. +d4K_in order to get a d22[d2K |
distribution we obtain a &(,)5(¢_) which makes g = 0. However, as can be
seen from eq. (3.3), k, is also zero and, therefore, h = h, + O(u) for this distri-
bution. Thus g only contributes when h,, is also present, and is thus negligible
as ¢ — 0. In contrast, when looking at d22/d*K , we find %, is the leading term
in » and hence must be retained.

The foregoing discussion leads us to conclude that we may seb h(z) =
= h,(t, @) + b, (%)) as u — 0.

Neglecting terms of order glog u in h.(t, %), we then obtain

B 7 B
O fare [ fdk . e
(3.6) R{x) Fe a(k?) {f? (1—exp [—ikt,]) —i—f % (1— exp [—ikt_])+
u 0 0
0, [ar B+ VE
+ ff‘ﬁéa(ki) (log mﬁ) [ —Jo(k, 2,)].
o

From this, the separation property (3.1) immediately follows with

boid 2F

0 . - 2

8.7 d# (K, )=dK 4 exp [tK  t]exp |— Or @Z-J:oc(ki) dk 1—exp [—ikt])
= * &
27 ) 7w ) kY k
i3 (1}
and
w [ 43, .

(3.8) 2P(K ) = d2K, @n) exp[—iK, x, —h,(2,)].

For K, < 2E, eq. (3.7) can be integrated to give

e ~
(3.9) AP(K,) — d;;i %(% (‘%t)iﬂh
with
-
O dﬁ (k%) .

==
w ) kL
pr
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The distributions defined in egs. (3.7) and (3.8) are all normalized to 1, as is
d¢P(K), and they all behave as d-function distributions in the o, — 0 limit.
It is a check upon the approximations which led to egs. (3.1), (3.7) and (3.8)
that, if we integrate d:#(K), as given by those equations, in the momentum
variables K, and K, for K,<<E we obtain the well-known (*°) energy dis-
tribution

A P(K)

dAP(E)AP(E) 4K, yF (K
_ s | SV 0 S O
(3.10)  dP(K,) = f i CK = e T te\T
with
20, fad
p=26= 2 o),
o L

“

as it should be. A comparison with QED calculations when o is a constant
and O, =1 then leads to a more accurate definition p~ m?2/4.

So far, in eq. (3.9), only the soft-gluon contribution has been incorporated.
A more complete calculation must, however, also consider the collinear hard
gluons which are also known to exponentiate (*). As suggested in ref. (*4),
these corrections ean be applied in such a way as to reproduce the first-order
result while, at the same time, snmming hard collinear gluons to all orders.
We propose, for d#(K.) and d#(K_), the following expression:

y - 4B K.\
B AP s = [PEL 2L 1 4 (1 ).

For § — 0, this expression approximates to the first-order result, eq. (2.6).
It should be noted that, whereas d4Z(HK) is a relativistic invariant, the individual
probabilities d°(K ) and dZ(K_) are not and one has to specify the frame in
which K, and 2F are calculated. We postpone this to the next section, where

explicit expressions for the differential cross-sections are derived and com-
pared with results from deep inelastic secattering.

4. — Differential cross-section and comparison with DIS,

For computing the double differential cross-section do/dw,dw,, after the
primitive quark densities are folded in, eq. (3.1) is very convenient. The va-
riables x,,, are defined as

Q* 2%
Wyl = T = = and @, —@y== xp= 7

() E. EriM, G. PancHERI and B. TouscHEK: Nuove Cimento B, 51, 276 (1967).
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where q:f is the longitudinal momentum of the lepton pair in the hadronie
c.m. system. If we integrate over ¢,, affer a little algebra we find

dzo 4o

(4.1) S s, = boa, exp[ C'pocs]z f dylfdyz{fi(yl Fiwe) + 1) o)}

P(uy) AP () O(yy — 03 — U31) O(Y2 — o — 1,) ’

where u,,= K, /v/s. Choosing 2= (8/4) y1 9., Wwe get (ignoring for the mo-
ment the collinear hard term)

dzg drpo? dy, [dy
4.2 e .
(4.2) [8 day dwz:lsoft 9901902 oxp [ GF%] ’ f f

i + T ot ] (=57 (=2

The spectrum f, depends on y, and y,. Since the integral is peaked at
Y: = @;, we shall evaluate f, at y; = x;. @, is then a function of @2 alone as
in DIS (14). We may thus write the following expression (which accounts for
the collinear hard gluons as well):

do _ dmo? 2
43) s—r- T, o, — 90,7, - X] [ Opocs] ; o
: {Iz'(a’n ﬁL)ji(-”z’ Bu) + I,(w., ﬁL)I—i(wly ﬂL)} ’
where
4.4 (2. B) — XD uﬁ] ( )f’"l + (@/y)*

Comparison with standard approaches leads to the obvious identification
of I(x,p) as the momentum-dependent quark densities. Also, it agrees with
an earlier paper (4) where the same expression was obtained for (spacelike) DIS.

If DIS parton densities are to be inserted in eq. (4.3) for the DY process,
the extra factor exp [(%/2) 0, ] survives. As has been discussed by various
anthors (*1), it helps much to alleviate the problem of the absolute value of
the cross-section.

As a consistency check, if we let a, — 0, so does 8 and we obtain from

(*') G. Parisi: Phys. Lett. B, 90, 295 (1980).
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eq. (4.4)

(4.5) L@, B) —=> @) .

Thus, the DY result is recovered in this limit. .

Before proceeding further, we want to stress that the above expressions
are valid for small energy losses, i.e. for x ~ 1 and small ¢ ,. For large 1 — o
values and large ¢, , the hard, wide bremsstrahlung eontributions may become
dominant and must be added to this calculation. It now appears possible
to do a moment analysis similar to that employed in DIS. It is especially
suited for meson-nucleon or pp-initiated lepton pair processes from which the
« sea» contribution can either by completely eliminated (by suitable linear
combinations) or at least minimized.

Consider, for example, the difference

do™® do™'>
. — _ R e =)
(4.6) Ly, 0y f) = 8 [dwld% dxldwz] = P (w0, )G (2, )

from which the sea contribution cancels out. The N-th moment in the va-
riable &, (for fixed x,) then gives

1
A®y e

7 KN, p) ==f71 2l 5 (@, B) 67 (ws, B) = O(N) <l (B)) 6 (@s, ),

0

where
fd
o) ==f—; Y F ()
and
wopy _ XD [FBIT(N) N +1)
(4.8) a7 (B)> = 9P T(N + B) [1 T N B+ p -+ 1)] )

Here @, is a redundant variable and it may be useful to integrate over some
fixed range in «, to increase the statistics. In fact, let

(4.9) R, ) =[1a, KW, s, ) = OQ) GBKa(B)> -

%20
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Now consider the ratio of 2 different moments:

1 X3y
Ofdml wy [da{s(do™ /A, di,) — s(do™ 2 [dw, dw,)}
(4.10) R(N, M; ) = &L= =

fdm ﬂiaoz{s (do™ /A, da,) — s(do™"™/da, duw,)}
0

Xz0

IEN ) _ 0 Gt(p)
R(, B) ~ O(M) <a(B)y

III

Variations in In R(N, Mp) vs. f are given by our model, independent of the
¢ primitive » quark densities. Larger values of N, M sample larger # and thus
the IR region for which our formulae should be reliable.

5. — Energy dependence of (¢7>.

In this section we derive an expression for the mean of the squared trans-
verse momentum, {g} >, of the lepton pair. Let us first assume that the partons
inside the hadron ecarry no infrinsic transverse momentum. Then, eq. (2.10)
gives

do Ao P (P’ —q)
dw, da, = = 907 J‘dyl‘deyz Y (Y1, yz)fQ.Ld q. T y

(31) g1, @2, 8))
where

%%rZ{Ml Ya) + (Y1 92)} .

It can be shown that the probability distribution d+#(K) satisfies the fol-
lowing general relation:

dtP(K) _ Q2P (Ky—k, K,— k,)
2 d2 Dt w4 3 2 3
(6.2) flﬁd— K| Ty e _fd k)ERL dK iK. ,
where
d+P (K
dwmmmr&d%\

Inserting eq. (5.2) in (5.1), we obtain

do(s, ) _
dml do,

<Qi(w17 gy 3)>

== 9@2 fdylfdy? G(y,, yz)J ABRE)V L Q2P (Py — qo— Fy Py — gz — F3) .
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For x,, #; > 1 one can exchange the limits of integration and obtain the
sum rule

(.3) (L, m, 8)y 20 :f @y 220 L )

da, do, Ao, doz,

Equation (5.3) is quite general. The only assumptions made in deriving
eq. (5.3) are that i) the collinear hard- and soft-gluon contributions can be fac-
torized from the « hard » cross-section and that ii) the parton densities have
no (intrinsic) fransverse momentum. Thus, given the experimental differ-
ential cross-section alone, eq. (5.3) allows one to test the above factorization
hypothesis quite clearly. If there is an energy-independent, intrinsic trangverse
momentum, eq. (5.3) is no longer correct. However, it can be used to compute
the energy-dependent terms in (g%, i.e. to predict the slope (0/es){g5>. A
detailed numerical test based on the above is in preparation and will be pres-
ented elsewhere. Here we pregent a simple application to the m-nucleus data.

In the soff limit

_ Cro,
(k) k2 ~ -%- dk, dk_.

Then egs. (4.3) and (5.3), for @z, #,>%, give

z 3?{}@/1 I(y1, Bu) }dyz iz'(f’/m Br) + (@< ivz)}

2 4 _— 4“8 % 2
(5-4) <q_l.(901’ Lo,y 3)> = gy‘;s Z: 6?{1,({1/‘1, ﬁL)ji(x27 ‘BL) ¥ ($1<—‘>Wz)} 9

where o, has been assumed to be a constant, for simplicity.
For m-nucleus case, valence quarks alone seem to work very well, at least
for x;,>0.2 (1), In this approximation then we have

1 1
f Ay In(yy) f Ay, Inly,)

(8.5) (i, @, 8)) = éxis”‘ Trn(y) Ly(,)

Using the parameterization presented in ref. (1), we obtain for the slope
at @, =@, =7 =05

(5.6) e = 0.0l .

aS 217=¢a=0.5

We require that the model also provide a consistent value for the absolute
cross-section. The factor K, which is experimentally known (1%) to be ~ 2,
in the model is given by K ~exp [$nc,]. By requiring K ~ 2, we obtain
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o, ~ 0.33 and

(3.7) o

88 x1=23=0.5

~ (.0033 .

This value is in good agreement with the slope 0.0029 measured in w-nucleus
scattering at @, = #, = 0.275. In consideration of the gross approximations
made in obtaining eq. (5.7), this result is quite encouraging, as it is of the
correct order of magnitude. A more refined analysis is in progress.

6. — Mean scaling and the transverse-momentum distribution.

In this section, we shall present a phenomenological analysis of the trang-
verse-momentum distribution of p pairs produced in pp collisions. We ghall
show that the data exhibit scaling in the mean and that they can all be fitted
by the same universal curve derived from the soft-gluon emission formula.
We analyze the data by KAPLAN ¢t al. (22), at 400 GeV/e incident proton energy,
for two different values of the invariant mass, including the Y region. The
remarkable fact is that, although the mean transverse-momentum squared
{¢%> changes in the resonance region, the normalized transverse momentum
distribution for the two different mass regions is fitted by the same dimension-
less funetion of the dimensionless variable 2, = ¢,/{¢,>. This follows from the
separability of the cross-section into a «soft» and a «hard » part and from
the asymptotic factorization of the BN funetion d*#(K) intod #_ dZ_A4*Z#(K,).

As shown in sect. 2 and 3, one can write for the normalized p pair digtribu-
tion the expression

GPK,) [dx, N
(6.1) K, ) @ne exp [—iK, -x, —h(z,, B)],
where g, = — K is the transverse momentum of the y pair and
(6.2) Wy, B) = f a7k (1 — exp [+ ik, -x,]) .

An approximate closed-form solution of eq. (6.1), discussed in ref. (1%), is given by

sy CTED @ B (K e 5 )
63 “FK, TemATA+AP\envi o (g 5)

(32} D, M. KarraN, R. Fisg, A. Ito, H. JostLEiN, J. AprEL, B. BrROWN, C. BrROWN,
W. Innes, R. Kerrart, K. Unro, T. Yamanouvcir, S, Hers, D. Hom, L. LEDERMAN,
J. Sexs, H. Sxypur and J. You: Phys. Rev. Leit., 40, 435 (1978).
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where 2, is a modified Bessel function and where g . and Fv/A are defined
through the large- and small-z, behavior of h(x,, E), i.e.

B, Inillx, , By, — oo,

h(w,, B)~
= { o [dsTi() B2 = L B, BP Ao Bz, -0,

=
and we have used the leading logarithmic approximation to define the func-
tion B,, which contains the (integrated) dependence upon «,. Notice that g o
is the transverse-momentum analogue of £ . In the above approximation
scheme, one does not really need to know the details of the single soft-gluon
distribution d®*n(k), excepting that it has a logarithmic singularity as & — 0.

The appearance in eq. (6.3) of the quantity F+/4 is what ensures that
d*#(K |) exhibits sealing in the mean. In faet, from eq. (6.1), one obtaing

(6.4) (K2 = f A7(k) K = 22 AR, .

Both g, and A can be separately calculated in QED ('7), where the soft-photon
gpectrum is known. In QCD, there are some yet unsolved questions which
make a computation of A and §, problematic, 4.e. the behavior of a, in the
deep infra-red region and the folding of parton scattering processes with in-
trinsic momentum dependences inside the hadrons.

The inclusion of an intringic transverse momentum in our picture can be
phenomenologically accomplished by considering 8, and 8, 4 as empiric param-
eters to be determined from the data. Thus we use experimental values
in expressions obtained from eq. (6.3), as in the following dispersion formula:

{g> 1
6.5) A(B,) = — =
( =T~ TR -
apy | I(BL2 + %)

In fig. 1 we show the renormalized transverse-momentum distribution as
obtained from the data of ref. (22), plotted in terms of the variables z,. We
have taken <{¢,> = 1.2 GeV for the mass variable M,, = (5-6) GeV. For
the Y region, we use {q,> = 1.35 GeV (). The two sets of data indeed fall
on the same curve and they can all be fitted by the function (1/z,)(d#/dz,)
with

A2 al(B.)2 + 3
de, — 2@[T(B, [2)]

& @u/a—1{77) 5

where

W VELBR £ D),
! I'g./2) t
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Fig. 1. - A plot of the normalized transverse-momentum distribution in terms of the
variable z,=¢,/<¢,> for the reaction pp—p+tu~-+X at 400 GeV/e: o M,,=(5-6) GeV,
a My, = (9+10) GeV. The data were obtained from ref. (**). We have chosen

{q.> = 1.2 GeV for the mass variable M, = (5--6) GeV. In the T region, we choose
(g = 1.35 GeV.

The data for {(g,> and {¢®) in the two mass regions suggest f, ~13. With
this choice, one.obtains the solid curve in excellent agreement with data.

In a previous publication (%), it was shown that distribution (6.3), expressed
as a funetion of z,, fits the transverse momentum of pions in

ete” »>wt+X and pp->nitX.
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It was also shown that eq. (6.3) was consistent with an experimental fit to
p-pair production in a wide x, range. Recently, new evidence has been pres-
ented for mean gealing in the processes (23)

pp >K'+X, pp>n+X, mwp-—>ntX.

Thus mean scaling appears to be characteristic of most inclusive hadronie
and semi-hadronic processes. Our analysis strongly suggests it to be a con-
sequence of a factorizable collective effect like soft-gluon emission. This hypoth-
esis is further confirmed by the faet that mean secaling is known experimentally
to occur for almost all (24) one-dimensional distributions, and not just for the
transverse momentum. Such an occurrence is indeed a natural consequence
of the asymptotic factorization of d*Z(K), eq. (3.1).

7. — Conclusion.

We have presented here a detailed account of soft-gluon corrections to
the DY processes. The formalism is borrowed from the Bloch-Nordsieck ap-
proach in QED. This approach is direct, intuitive and physically appealing.
Based as it-is in terms of probability distributions, it meshes nicely with the
underlying probabilistic parton picture of the DY process.

As far as we are aware, for the first time the complete soft-gluon distribu-
tion d*Z(K) has been discussed. The asymptotic separability in terms of the
light-cone variables K, and K, is a new result. It allowed us to obtain an
expression for {¢}> as an integral over the measured energy and longitudinal
distributions alone. This remarkable property can be used to test factorization
itself. A partial test was attempted here with positive results.

The details of ¢, -spectrum were examined using an approximation to
d*#(K ) which showed mean scaling. Even though {g}> changes appreciably
in the Y-resonance region, we found that the same mean scaling curves work

(?*) B. Baryunya, I. BogusLavsky, I. GRAMENITSKY, R. LEDINCKY, L. TIKHONOVA,
A. Varvarova, V. VRBA, D. JERMILOVA, V. PHILIPPOVA, V. SAMOILOV, T. TEMIRALIEY,
S. DumBrAJS, J. ErRvANNE, E. HanNULA, P. ViLLANEN, R. DeMeENTIEV, I. KHORZA-
viNa, E. LeikiN, A. Paviova, V. Rup, I. Heryxex, V. Koz, J. Rmx¥, V. Sm4x,
L. Ros, M. Sux, J. Paro¢kxa, G. Kurarasaviri, A. HupzEADZE, V. TSINTSADZE,
T. Toruriya and 8. LEVONIAN: Scaling in the mean and associative multiplicities for
the inclusive reactions Pp — Ko-+X and Pp —AX at 22.4 GeV/je, JINR preprint,
Dubna E1-80-316 (1980).

(?¢) The one exception is the stange-baryon distribution. W. DuxwooDIE: private
communication.
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within and without this @2 range. This attests to the basic soundness of the
approach.

More work needs to be done to include the variation of « and some calculable
(nonsingular) hard corrections.

APPENDIX

In this appendix we wish to exhibit the origins of the exponential form for
the soft-gluon emission. ILet us consider a quark of momentum p, and an
antiquark of momentum p,. We are interested in the process

(A1) d(py) + A(p.) — w4+ ng

where ng means » gluons. The q and q come from two different hadrons. One
calculates the transition amplitude for the process, squares and sums over final
states (of color) and averages over the spin and color of the incident guarks.
One can show that the leading logarithmic terms are then the same as would
have been obtained from an Abehan theory with a clagsical current j.(k),
where k is the momentum of the emitted gluon. This is so because the non-
Abelian graphs with three and four gluons are nonleading and thus do not ap-
pear in the soft limit. Thus the cross-section for the process of eq. (A.1) may
be written as

(A.2) AOprems = do(qq — wrp~ 4 n soft gluons) =
11 =7 dsk, . ., 2 2
= 5ot [ e 3 M(P—;kz-)

ds

=1

In eq. (A.2) s' is the total energy squared in the center of mass of the two
quarks, .Me(P’—— > k,) is the «elastic» amplitude with its argument shifted to
)

allow for the momentum carried off by the gluons, ¢ is the total momentum of
the p pair.

To get the cross-section for the emission of any number of gluons, we wish
to integrate over each of the variables k; and then sum from n = 0 to co It
is convenient to do this by performing the integration subject to the condition
that the total gluon 4-momentum is K and then performing >

Thus eq. (A.2) becomes n

il 0+ (21— 3 1)

=1

(A3)  doureme= E K] 2n

=1

dg

'Z,Tl“ | M (P -—K)IZM

(2m)104(P' — K —q)
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7.€.
1 d4r - 1] ak |, . »
o= — — (4t . POMEE R — 2 o I . .
(Ad)  Aoueme= 5 f (i 0K exp [ -] %nl{@ﬂ)‘”’% [iu(k)[* exp [— ik w]]
1 _ d3g
- " D/ _— LA J—
3T AP — K o () (P — K — )
and

4
(AB)  AOyreme™ —1—; f 4% g exp [iK - x] exp [— hg(®)]-

28" ) (2m)*
e Tr | M (P — K)|?- &q (2m)2 08P — K — q)
1 . (27)* 2, 2>
where
ak . . .
(A.6) () = —f @n)* 2k [§ u(B)[? exp [— k-] -

Equation (A.3) is the product of two parts. One describes the scattering
without soft-gluon emission, while the other deseribes the soft-gluon emission.
In fact, the latter can be used to define the probability that there will be an
emission of gluons with 4-momentum K. This distribution is given by

BPE) el (o Bk "
wx — Y 2u1 ) UEape, I’”(ki)lw(K“i;zlki)’

=1

(A.T)

where ¢ will be determined below. For this to be a probability distribution
we must require

$PE)
f S GE =1
This gives
A8 0= k] = h
(A.8) = X || Gk [ju(F)|* | = exp[— h,] .

The factor ¢ is missing in eq. (A.3) and one has to multiply by it. Its origing
are, of course, due to the virtual soft gluons, which when included will just have
the effect of multiplying eq. (A.3) by €. They are thus contained in the scat-
tering term and one has

(A.9) 1 Tr |M(P' — K)|*= exp [— h,) 1 Tr | M (P — K)|2.

Thus in eq. (A.B) we must replace hg(x) by h{z) = hg -+ h,. We then have

sk .
(4.10) o) = sy I (1 —exp k-1l
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It will be convenient to define d37(k), where

(A1) k) = o iR
' @myean VAR

7(k) has the physical significance of the average number of soft gluons of
momentum k.

‘We note that h(x) of eq. (A.9) has no IR divergence, the virtual soft-gluon
exchange term h, of eq. (A.8) providing the cancellation which is missing in
hg(#) of eq. (A.6). Thus we have, including both virtual and real soft-gluon
emission, for the cross-section

d4o ' )
(A.12) d—% = | Q2P (K) 0'pora(q) 61(P' — K — q) ,

2
dmo?

(A.lg) OBorn = _gag Iz

where ¢, is the charge of the quark in units of the proton charge, and

(A.14)

BPE) _ f (d4‘”4 exp [iK & — h(z)] .

d*K 27)

® RIASSUNTO (9

Si studia la distribuzione del quadrimpulso d*#(K) dell’emissione multipla di gluoni
morbidi usando un approccio di Bloch-Nordsieck. Si trova una separabilitd asintotica:
PP(K) ~dP(K ) AP(K_) d2#(K,), dove K, = K, 4+ K,. 8i studia il loro effetto nella
produzione di coppie di p e si ottengono espressioni esplicite per la sezione d’urto dop-
pio differenziale. Si calcola la pendenza dell’impulso medio trasversale con I’energia
totale e si confronta con i dati. Le curve medie di scala sono in buon accordo con l’espe-
rimento. Si suggeriscono altri controlli.

(*) Traduzione a cura della Redazione.

TTonpanxy, CBA3AHHBIC ¢ MCHYCKAHMEM MATKHX TIIOOHOB, K mpouneccy JIpeana-flana.

Pesrome (*). — Ucronbays noaxon bitoxa-Hopacwuka, HecneayeTcs pacupeaeIeHne YeTEIpex-
nMIyibea, dAP(K), st MHOXECTBEHHOIO HCIYCKAHUA MATKHX IF0OHOB. OGHapykeHa
acUMOTOTHYECKAs pasgenaemMocts: d*P(K) = dP(K,) d2(K_) *P(K ), roe K. =K.+ K.
Hccnenyercs BrrustHIe UCIYCKAHAS MATKUX TJHOOHOB HA POXKICHUE MIOOHHBIX map. Ilony-
9aI0TCA. TOYHLIC BRIPAXKCHAA M ABOMHOTO muddepeHmasbHOro MONEPEYHOrO CEYECHHUS.
BorumcrsieTcsl HaKIIOH CPeRHEro. MOEPSTHOTO0 MMIYJbCa ¢ MMONHOM sHeprueit. Iloiyduen-
HbHI Pe3yIbTAT CPABHUBAETCS C SKCIIEPHMEHTAILHBIMEA JaHHBIME., Haum cpe/iHie KPHBBIS
CKEHJINETa TakKe XOPOIIO COITIACYIOTCA € 3KCHCPHUMEHTOM. Ilpemyiararorcs HOMOJIHH-
 TEJILHEIE HCCNEAOBAHMA.

(*)  IHepesederno. pedaxyucit.
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