ISTITUTO NAZIONALE DI FISICA NUCLEARE

Laboratori Nazionali di Frascati

LNF-81/10(P)

18 Marzo 1981

M. Greco: SUMMING QCD SOFT CORRECTIONS,

Invited talk at the 'Moriond Workshop on
Lepton Pair Production', Les Arcs, Savoie,
January 1981,

Servizio Documentazione
dei Laboratori Neazioneli di Frascati
Cos. Postale 13 - Frascali (Romas)




SUMMING QCD SOFT CORRECTIONS

M Greco
INFN, Laborator: Nazionali di Frascat:, ltaly

ABSTRACT

In this review the effect of soft gluon emission in hard process is discussed
to. all orders in QCD. A general formalisrm for resumming these large correc-
tions! is presented and detailed implications are considered for deep inelastic
leptoproduction, Drell-Yan processes and ete- annihilation. A short discussion
of k, effects in Drell-Yan and ete” jets is also presented.
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Leading logarithmic analyses (LLA) i. e, a summation of all terms of the
type (as(Qz) 1n Qz)n, have been very useful in understanding the corrections to

the Born terms in the perturbative Quantum Chromo-Dynamics (QCD) treatments

1), More recently, accurate computations of non leading cor-

1,2)

of hard processes
rections have been performed in various processes and often found numeri-
cally large, particularly near the boundary of the phase space, These results
cast doubt on the validity of the perturbative series at present energies, unless
these large non leading terms can be summed up to all orders. However the ef-
fect of higher order corrections can be possibly minimized by a judicious choice
of the renormalization prescription, in other words by a better definition of the
expansion parameter, Much work has been done along this 1ine3). Furthermore
it has been also realized the important role played by soft gluon effects and sim
ple resummation techniques have been pro1po:;ed4’ 5, 6) which take into account a
large part of higher order corrections,

In this talk I will briefly review this latter subject, discussing in detail va-
rious hard processes where the emission of soft QCD radiation ig quantitatively
relevant, After recalling the main results from first order calculations and a
discussion of their physical origin, I will present a general formalism for re-
summing these large soft corrections based on the scheme of coherent states,
Next, detailed implications for deep inelastic scattering, Drell-Yan process amji

ete" annihilation will be given. To conclude, a short discussion of ky effectsin

Drell-Yan processes ag well as in et

e” jets will be presented. Higher twist con
tributions and more general mass effects will be neglected in our discusgsion.
Further details on the topics studi.e,d,herev can be aléo found in various and :morej:
extensive reviews which are listed in ref, 1), |

Let us start with deep inelastic leptoproduction.. The quark densities qy(x,1),
defined for example in terms of the structure function %5(x,t) as

, 2 ‘
2 = =Y
'ja(x) t) 12{' (-'k qk(X, T) ] (1)

to first order in oy satisfy the following equation”

1
- [ 9y _x, %s x DI, x|
%, © { y [{5(1 Nt 5 P (S a1 (;)J a_, () +
' (2)

+ (gluon contributions) ,
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where t= 1nQ2/[A,24, qok(x) are the bare densities, qu(z) has its usual mean-
:J“m.ggi) and fgn(z) gives the correction to the leading order result. In terms of

n-moments eq, (2) can be rewritten as

(n) _ “s (n) | fIZI(n)
G "'V F"qq @
with cp = 4/3,
m) _ , ¢ 1,3, 1 _ 3 1
Yaq .-_ij=1 j+2 |-n(n-*-) -21nlyn) +3 +O(n) “

and/ Iny ¥ “VE = (0.5772 is the Euler's constant, Then for z£1 one finds, forthe

mogt singular terms,

-

pi, . °F . 2[m@-2 ,
fg@= g O T, )
or
[ n k C
, : 1
Hlln) =_&1§ 5 _11; s Lo . f’i (nym? + - (6)
q k=1 j=1 J “

The physical origin of this large correction term can be simply traced back to
the appropriate use of the exact kinematics in the calculation of the emission of
a real gluon, In fact the leading and next-to-leading logarithmic terms in the

square bracket of eq. (2) come from the bremsstrahlung contribution to 3772 as

a4 2
Q(1-2) dkz

c 2 kimax
o~ ____Tf _]L +z L
92 6(1-z) + zﬂ:( T )/ ———kz ag(ky) (1)

e 1
Then if asln(l--z)~0(1)4. and this happens near the boundary of the phase space,
a large correc‘tion is obtained to the leading order result, which simply comes
approximating kj g Q2.
A similar re sult is found in the Drell-Yan p»rocessg) With the usual nota-

tions, the corrections to order a4 to the Born term are obtained from7)

il 2 dx, dx, [
daz - mz / x 1 X |z qk(xlan)qk(xz,Qz)Hl - z):‘-
aQ 98Q ¥1 %2 Lk

(8)
: ‘{6(1-z)+ a_6(1-2) Lf'CDlY(z) - zfgl(z)_

} + (gluon contributions),

where z = T/x1X, # Qz/lexz and we have explicitly introduced the Q2 depen-
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dence in the ’p‘str‘tbn densities in deep inelagtic scattering (see eq. (2)). Then the -

correction f [fDY 2fDI :l gets two 1mpor{ant contt¥ibutions
c . ; @ ‘
~ _}_"_{ 2yl =2) b 25 ) e } \
fq(z) _:3n‘2(1+z)d_—_'i—-z ‘++ﬂ5 (1 =z) + K (9)

The first one, which is just twice that of ey. (5), has the same dynamical origin.

Namely, as in eq. (7), one has

- | 2 o212
ol | 2¢p 14,2 Fmax™ @12 0 _
Lo~ L)+ = () —t aglky) . (10)
2 2.71: 1«-&2, “ '2 8 l
dQ” - W2 ol
mih ‘

Here the factor (2cF) ig gimply related to the emission of a gluon from two legs,
the upper limit k-lz-max is the appropriate kinematical bound for z ~1 for this
process and k_L min 18 the effective lower limit obtained subtracting the effect of
gluon-emigsion in tdeep inelastic scattering, which is aii‘eady ineliided in thé des
finition of qk(x ‘) and qk(x., Q%) in eq.(8).

The second contribution in eq, (9), i,e. the n2 term, hag also a gimple ex-
planatibn In ‘Iﬁresll ~Yan the vertex correction is pro‘por'tlonai to Re 1n4"(- q2) =
= 1n?| qzl qz*» 0), The 1n2 qul term cancels with the analogous contribu-
tion frorn real etnission, exactly as it does in deep inelastic swttermg where,
however, being qzd 0 no such % term is present, Working to all orders, the
expected exponential form of the guark form f:actor‘[o), leads to exp('>nent1a'tesz4’5)
this term, namely ~ exp {cFﬁa /2} ) ‘ ‘ '

As next example of occurrence of large corrections to the usual LLA let us

consider the thrust (T) digtribution in the procegs ete qqg, The lowest ot

der result 1511)
Cr . { g2 s : |
1 (gg_) ~ B8 )3T7-3T+2 m-(ZT-l‘)_ 3(3T'=2)(2=T) (11a)
0,'dT’0~ @ T(1-T) -7 2(1-7)
which for T ~1 becomes
2e..0 ‘
1 ,do v F's 1 1 3
—5;(5?)0 ?:.1 A et v O : o

Now it is easy-to see that the effect of the émission of soft radiation gives cor-
rectiohs oe¢ arsl'lnzn(l -T) which invalidate the lowest ogrder result (11b).

The above examples show thdt the soft behaviour of the theory plays an im
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portant role in the evaluation of the corrections to the leading order results, If
one is able to sum them up, then one can hope to have a better control on the re
sidual series.

The formalism of coherent states, developed in ref. 12) i5 indeed a rather
powerful resumming technique., It provides one with matrix elements which are
free from infrared singularities at all orders in the leading log approximation.
This has been obtained by extending from QED to QCD the concept of classical
currents associated with the external particles to incorporate the new proper-
ties of colour and the appearance of the effective coupling constant. Furthermo
re the question of masgs singularities can also be :incorporatedl 3) in the formal-
ism by including the emission of collinear radiation, Various applications can

be found in the 11'11terature5’ 14).

To our purposes let us first consider, in this formalism, the valence quark
densities in the region xZ 1, in the usual LLA, i,e. when a(Qz)?Lanfv O(1)

and C‘(Qz) In(1/(1-x)) ¢<1, Then one finds®? 15)

+ o 1 .
alx, Q2) = *Zl”_w/ db elb(l'x) exp{ / z P(z) §(Q2)[e'1b(1*z)-1]} (12)
- "0
\ Cp 1+gz2 . .
where P(z) = - T and
2
9 N 'klmazx dki :
§(kmax"' Q%) = ‘ -‘;5— alky) . (13)
,wz 1

Inleq, (12) the exponentiated factor {fc’lz P(z) Q%) e” ib(1-2) } corresponds the
multiple real gluon emission constrained by the condition that the total energy
carried out by the radiation does not exceed (1-x). Then the factor (-1), com-
ing from virtual emissions, cancels the infrared singularities at z -» 1, The
connection with the more conventional approach becomes clearer by rewriting

eq, (12) as

i 1 }
. cm f k 2
alx,Q2) ~ 'é'}ﬁ‘/ dnxmnexp[ﬂg—-/ dz(:‘__‘_’..z.,—)&(Qz)(z“-m].‘ (14)
0

- ioo

having approximated, for x —» 1, Inxa (x ~1).
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This result explicitly shows that the moments of the distribution (12) coinei
de with the ustal moments of the parton densities in the large n limit., The ed.

(14) becomes

ico .

2 1 ~ -n 2.0 . 3 118

qx,Q7) F 5 dnx E!Xp{«- Cp EQ )[.ln yn- o +d (.}I).]} , (1%)
- oo 1
and, by saddle pdint techniques
3 ,

5 e(Z” YE)CFé’ ch -1

q(x, Q%) =

Tlep B (1 - x) . (16) |
This result coincide with that obtdined in refs,!6) by conventional diagrarmmatic
analyses and explicitly shows the simplicity of this approach,

When the condition a(Q‘z) 1n(1/(1-x)) ¢<«1 is released, the torrections tothe
above LLA result have been shown in ref.?) to arige simply by taking into dc-
count the correct kinematics ih eq, (12), namely §(Q2) R §[Q2(]L ~7)]| . Then
in analogy to eq. (14), one obtains for the n«th moment of the valence dérsities

C

1 4 '
; 2 dk
2 F 14z y
(Q%) ~ exp{zﬂ dz (- -1-——2-*)% -'*'é'“ a(k [Z -1] (17)
0 n +

( )

For a(k,) = const = ag this corresponds to the simple exponertiation of the first

order result (eq. (6))

2 2 .
q(n)(QZ)N exp [(,, In yn) 2+ f%)ﬂn—%é( lnyn+ 3) . g.mgn]} (18) .

Transforming back eq. (18) by the saddle point method one finally obtains, in pla
‘ce of eq, (18),
- 2 9
2 2 Y K
) 5 BL§1H&+QQ__Z4._E] e- VEBIH 5
1%, Q%) ¥ ’

4 yo no

T(g"

where f= cFaS/m;, and n, is the saddle point value defined by the equation



n, = 7% B 1n 5 ) = T B (20)

The effect of the running coupling constant in eq. (17) can also be included. An
explicit expression for a(x, Qz) in this limit is obtained in ref. 17) by using the
gdine techniques,

An important consequence of eq, (17) is that the Altarelli-Parisi evoluition

equiation for the non-singlet quark density is modified?s 6), for x ~1, as

x, Q‘/Qz ¥ 2
/ &l !i% "',‘ q(y,Q ) (21)
d1n (@%/Q%) v Qg + Q2

where P(z) is defined in eq. (12). In other words; the 'sii‘nple rescaling of the ar
gument of the runhig coupling constant from Q2 to Q (1-z) takes into account

the most importaht higher order corrections, Expanding

R  1 1 [y 1In(1-z) 12
a (@120 s g - -2y o (——) ] (22)
i ] n[Q%(1-2] 1@ l_ 1nQ? 1nQ?

- 0@ [1+1(1-2) 0@ + 002@Y)] ,

otie obtaing the ledding log term, the next-to-leading term, and so on.

Of course eq, (17) is valid for n >»1 but limited by n< Qz/u2 or roughly
1sx > /«bz/“QZ. In this very tiny region of the phase space one finds a strong dam
ping of the form of a Sudakov form factor, which makes the leading twist contri
bution digcussed here probably negligible with respect to higher twist effects.
More détails about this point can be found in reef06).

Phenomenological implications of the threshold behaviour of the structure
Finctions for deep inelastic scattering, namely the question of the parametriza
tions to be uged in analysing the experimental data which are compatible with
the above dicusgsion, are considered in ref, 18);

ditnilar modifications of the leading order result in the case, of the photon
structure functions which, in the near future, can be measured for x enough
¢lose to one, have been recently studied in ref, 19).

We now discuss the implications of the above results in the Drell-Yan pro-

cess, By taking into account the soft gluon emission at all orders, and omitting
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for simplicity the contribution of gluons in the initial state, edq.(8) is replaced
by5' 20)

11 2 [dx, dx . y
do _ A4mo 1 -2 . 2 2, |
/ "(X1”"2‘XF)Li ® U (%10 Q)

szdxF QSQz Xy X3 |
_ (23) .
- 2 N9 9 22 2
qk(xz,QO) + (1 -—a'Zﬂ £{z,Q", Qg)exp {-aé(—?v—l an 1; s
with
*© C rl 2
~ 2 52, 1 ib(1-2) F 1+y~
£(2,Q%,Q0) = 5= / dbe xp{ : / dy (3% )
-0 0
, (24)
Q%(1-y)2 W
aK i e
K )| ib(1 Y)_l]}
201y il -
Qo(l-y)

In eq. (23) we have more generally introduced the parton densities at a mass sca
[ . l) . & —
le @), which leads to the lower bound ki, =Q>(1sy) in the ki integral in eq,

(24). Furthermore the 0172

term coming from the mismatch in the quark form
factor from space like to time like regions is exponentiated, as discussed ear-
lier,

The easiest way to solve ed.(23) is to consider its v moments. Then the
r.h,s. reduces to the product of the n-th moments of the q, g ané ? digtribu-
tions, which can be easier transformed back., Without going into details which
can be found in ref, 20), one-obtaing the soft correction factor K to the naive

model (7 < 1)

2
2 .3 Q
— c_JT 4 2
T2 F r+$) Q5
K=e 5 e
F[:1+ §+~Bln(--(‘—?~——)]
2
Qono
5 (25)
Yo Blnn pin - % L Binzn
e E 0(1—7/') QOnO 2 0(1- - Binno),

where B=2agcp/m, n, is the saddle point value defined by
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Jno= 1{@ L1+§+Bln(—---?—c’l )] s (28)

@ vn
bO‘?‘Oy (o]

and &= §1 +§';2, having parametrized, at q2 = -Qg, and for x ~1, q(x) and g(x)
as (1-x)°1 and (1-%) >2 respectively, In deriving this result we have kept all
leading logarithmic terms in (1 - v) and §, Furthermore eq.(25) has been ex-
plic¢itly checked to first order in 04, The phenomenological implications of eq.

(25) are shown?0) in Figs. 1 and 2 for p-p and sm-p collisions respectively, for

e s

t!tq
5 5 § %-p
4 4
317 3
R 2
1 1
T 1
0t2 0',4 o..e 0.8 1 il oia oja 0:6 o..a 1 T
FIG. 1 FIG. 2

for 5 = %0 GeV, a, 0.2 and Q% = Q3. In Fig. 1 the full curve (a) represents
eqJ (25), the dashed line {b) represents the leading log approximation of (25) (e.
g. first order in ag) and for comparison the full first order calculation of ref, )
is also shown (dotted linie (c)). As it is clear from this figure, the inclusion of
goft contributions to all orders do not change significantly the first order result
uplto ©~0,6«0,7, On the other hand for largér values of ¢ the absolute cross
section falls down so rapidly that the increasing behaviour of K will not bé ob-
servable, In the case of pion-proton collisions (Fig, 2) smaller correctionsare
found. Ad improvement of the actual experimental accuracy could, for this case,
- reveal the ¢ dependence of K, ‘
Ag a last example we will consider how the lowest order result (eq. (11b))
for the T-distribution in the process e —» qQJg is modified for T £1 by soft
| radiation. The analysis proceeds quite similarly to the previous cases. Thephy

gical idea is that the quark, antiquark and the gluon as well will develop into



jets of invariant mass ~Q2(1-T). The corresponding T distribution is found
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1

—

21)

\ 1
18 " YE) Bg‘] 11’1(‘“"—"‘"“'.l G )

(27)

3a,

and B, = (—>).

= This resgult

goes beyond the usual LLA, where only the term  exp [:: Bq 1’n2(1 - T)/Z:] is

to multiply the Born term. In Fig, 3 we plot the Born distribution

dap
(FF 0

ne) and compare it with (%1%) of

given by eq, (11a) (full li-

eq. (27) (broken line). For com-
pleteress the first order expan-
sion in (Bq+ ﬁg) of eq, (27) is al-

so shown, This fipure shows

3
[(“ - yF)B "l‘ (_"' -
. ap) e-f 70 P
dT = *dT’o , 1
P[1+(By+ B)in(3op ]
1 2, 1
2 Byt BT
where (—0-1-]2) is given by eq. (11a), B, =
dT 'o ‘ L
found22)
]
T 1
/
G=30(GeV), A=0.5(Gev)
10 /
(dP/dT), ]
- ]
7 dprdtigfivouml]
R

FIG. 3

clearly that for large T the hig
her order correctiotis are quite
important, and in gualitative
agreement with the experiment-
al results. Of course & complete
comparison with data mustawait
suitable addition of finite a2 cor
rections, which have been shown

to be‘sizeab‘iezs).

We conclude this short review by discussing k,; effects which have been

most extensively studied in Drell-Yan and ete~ annihilation?4), As well known,

gluon bremsstrahlung provides a non-zero transverse momentum k,; for the

lepton or the quark pair in the two processes, However, whereas for kj~O(Q

2 2)‘

the trangverse momentum distribution is expected to be fully described by first

order QCD diagrams, for A%z k%‘_«Qz the perturbation theory breaks downdue

to the appearance of large a: lnzn(‘Qz/ki) terms arising from the emission of

n gluons, both soft and collinear, which have to be summed to all orders of

perturbation theory,
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In Drell-Yan this task has been essentially accomplished by Dokshitzer,
Dyékonov #nd Tt‘oyanzs), who gave an expression valid in the leading double lo-
garithmic approximation. An improvement of this result has been suggested by
Parisi and Petrc>11z1026), by transforming to the impact parameter space, where
transverse momentum conservation can be taken into account exactly, This is
particularly relevant when k; —» 0, which can be reached by emission of at least
two gluons whose transverse momenta are not small and-add to essentially zero

momentumm, They proposed

oo
_1_.21_‘2,&.__._ -2 j bdb I (bk,) 5 (b, Q, ) , (28)
aQdky dy | A
where
5 - Bwa 2| (1), = 1. (2) =~ 1
o0,Q,8) = a5 ¥ | (V7. 5)d (Vo, 5+
(29)
+ (1 - Z)Jexp [A(Qz,b)]
and .
s@0 = 8 [0 Q) o) [rybay - 1] (30)
T qQ, " ay Ggtdy) [Jo'Pqy - '
In "

&~ annihilation the same result has been independently obtained by Cur
c¢i, Greco and Srivasta\fa27) for the transverse momentum distribution of a qQ

jet, namely

00
;{i—g— = %,\/ b db Jo(ka-) exp {A(Qz,b) ][ (31)
kg /

with A(Q%,b) given by eq. (30).

More recent analyseszg) have confirmed in Drell-Yan the general structure
ofl eq. {28). So far there is no detailed phenomenological analysis of recent kj
data in Drell-Yan based on eq. (28). On the other hand a very recent analysiszg)
of the total transverse momentum distribution of ete~ jets at various energies
from the PLUTO Group strongly supports the QCD prediction (31), Deviations
from this formula at the highest energies and large k; have been found in agre

ement with first order results. This is explicitly shown in Fig. 4. Thus the
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100: T T T T T T
Y5 =31.05GeV
dP : 10
dKk, vl n PLUTO ]

i |||=|ll

T v 11170

T
&

001 |- —E
C N 1
\ if\ .
0 3
Loy
0 8 GeV
Ky
FIG, 4

resummation in k; of these soft effects in the double leading log approximation
and using explicit momentum conservation seems in excellent agreement with
experimental observations.

To conclude, we have discussed the problem of large higher order correc-
tions which are related to the soft behaviour of the theory, The resummation of
these effects have been explicitly studied in various processes. It is plausible
that the residual series is then under much better control. As stated at the be-
ginning the optimization of the convergence of this residual expansion can be fur
ther improved by an accurate choice of the renormalization prescriptions which

reduce the effect of genuine higher order corrections.
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