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Abstract

An expression is proposed for the transverse momentum distribution of produced virtual vector
L : . s . v . .
bosons, v, W or Zp, which includes summed soft gluons, an ’intrinsic piece’, asymptotes to the

perturbative result for large @ and,upon integration over @ gives the Drell-Yan result for the

cross-section.

1. Lepton pair production in hadronic processes (Drell-Yan mechanism) has long been recognized
as providing a testing ground for QCD calculations. In particular, the transverse momentum (@ | )
dependence of the pair, which is a Dirac §-function in the collinear parton model, is converted to a
smooth distribution throngh QCD radiative corrections. In concert with increasing sophistication of
experimental results, theoretical endeavours in this context have also produced major innovations!!l.

Indeed, deviations from the expected @ | -spectrum of weak vector boson decays have been suggested



as possible signatures of squarks, sleptons and suchl®. Tn order to be able to accomplish such a
program successfully, it is important to have a theoretical formula for the @ ; ~distribution which

has as many ingredients from QCD and the parton model as possible - without extra parameters.

In this paper, we propose a formula which should be reliable both for small as well as large
@ (- The small @ ; behaviour is built through a summation of soft gluons. An IR singular coupling
constant is responsible for the growth of an ’intrinsic’ transverse momentum (how this occurs, is
explained in detail in ref.(3)). For large @ | , the proposed distribution asymptotes to the first order
perturbative result, as demanded by asymptotic freedom. The distribution is integrable, so that one
recovers the differential cross-section (in the left over variables) upon integration over @ . Also,

the mean value < Qi > as given by the formula we propose agrees with the first order result
augmented by the dynamically generated intrinsic piece. Since we do not need any intrinsic piece

for the regularization, the only parameter is now Agep, the QCD scale factor.

2. The sought for expression should include :
(i) soft gluons : as in QED, we need to sum the soft gluons

(i) intrinsic Fermi motion : unlike QED, quarks {(and gluons) do not occur freely, but must be

confined (at least at low temperature and low densities). Thus for quarks e.g. we must have some
Fermi motion and consequently a < ¢ > intrinsic.

(iii) Perturbative limit : due to asymptotic freedom, we expect the differential cross section for

93 — 4" -+ g at, say large §,1,and@? to be given by first order hard scattering, i.e.
do dotl)

ard

dQﬁ_dQ2 - dQQLdQQr for Qi_ large

For massless quarks and gluons, the right hand side of this cross- section has a Ql?j,-—-singularitym Thug
the cross section integrated in Qﬁ_ is logarithmically divergent( and hence does not give us the Drell-
Yan limit). So, a regularization scheme has to be found which incorporates all the three properties
(i), (i) and (iii).

In ref.(3) we have given explicit formulas to incorporate (i) and (ii). They are also quite successful
in describing the phenomenology of Drell-Yan processes for small to medium Qﬁ_ from very low up
to the collider energies. In this paper, we present a regularization scheme which includes the hard

-spectrum and in addition does not jeopardize the features of soft gluons and intrintric transverse



momentum. Present regularization schemes, in fact, either do not include the soft gluon summation
feature, or introduce energy scales to separate the hard from the soft region, with consequent loss
of control on the natural (A-type) scales. We present here explicit formulas only for the Drell-Yan
process, but a straightforward modification of our expressions: can be made to consider Compton

scattering as well.

Let the differential probability of occurence of a general process

i — f-+(soft gluons)

be given by Feore(Q | ), Where we have exhibited explicitly only the dependence on @ |, the total
transverse momentum carried by all the soft gluons. Now ,we wish to compute a correction, to order

ag, due to a hard scattering. This contribution may be written as
/ 2K | LK | N Foopd @ — K 1) — Feord@ 1))

where LA)(R | ) is the first order transition probability of having a hard scattering at K | . We show

this pictorially in fig.1. So, the complete distribution F(Q ) including terms of order o, becomes
1 3 b - - =
e = F(Q1)= s @)+ o7 [ BR | LR W Foord @1 — B 1)~ Foopd@1)) (1)

In Eq.(1), L) is multiplied by Fso (& | — & | )= Fsore(@ 1 ) to insure that there is no double counting.

As K | becomes 'soft’, the contribution of L) is reduced. Otherwise said, hard scatterings (quantum
corrections) are computed using not bare, but soft-gluon corrected states. (For a derivation of
the pfeceding statement in QED, see ref(4)). This approach, which is physically transparent
is an alternative to that presented in ref.(5), where the needed subtractions to the hard terms
are made perturbatively. For notational clarity, in the folloﬁing we shall present only the lead-
ing order corrections. However, the method is guite general.

It is interesting to note here the similarity of eq.(1) with the Boltzmann equation. The distribu-
tion Fsos¢ in our equation plays the role of the Fermi distribution in the transport equation. In both
cases, the contribution from small angles (small @ | ) are considerably reduced.

Now we discuss two important features of eq.(1). The first concerns normalization and the
second concerns the mean value < Qﬁ_ >

(a) Normalization : The normalization of 7, 7¢(Q? ) is maintained. That is

fdQQ-J-F(@.L) == /dZQ'JhZSoft(QL) =1 (2)



(b) Mean Value of Q_ZL : From eq.(1) we readily find that

< Q% >= [ PRLOTF@) =< @ e+ < @Y > ®)

Eq.(3) allows to obtain the perturbative result for the mean value, as well as the intrinsic term,

which arises through our < Qﬁ >sort 38 We are now going to describe.

FI.1. Hard gluon emission in the seattering between two coherent states

Tor the scattering g7 — 7* -+ gluons we present explicit formulas for £t and LX), We have

i ¢ Peoft 0% 3.5, —n
For(@1) = N / Brp Lhe(?) (4)
where ‘
he(b) = xr. fo @-‘Olg(k?‘)[l — Jo(bk )]ln(E (%‘)2 - 1) (5)

where cp = 4 for SU(3) and E = L—Q— /3 being the C.M. energy of the ¢7 system. As discussed
in detail in ref. (3 ),the above soft gluon distribution can give rise to a constant, intrinsic transverse
momentum piece, if one uses in egs.(4) and (5), the singular, but integrable, expression for a;

as(k?) = 25 "I—T-:FR“‘SI;T (6)

where, following an argument due to Polyakovi®! p = &,

This can be seen in short, if, as in Parisi and Petronziol”l, we divide the integration interval in

eq.(5) into a 'non perturbative’ region, for which & ; < A, and a region for which ¥, > A, ie. we



write
hs(b) = hz’ntrins-ic(b) -+ A(b, E)

with

A2 < v /
hintringic = ’1‘§' [A Ed‘gf' P E + JO(bQ)) (7)
| Bl it a R B- \/Ez— q2

From eq.(10), one gets
Pintrinsic & Ab®

with

23+ 222

Using A = 0.1GeV, and for 2E = 1+ 10GeV, we obtain for the intrinsic transverse momentum per

parton

<py > 04+ 05GEV

which is of the order of magnitude of the phenomenologically introduced intrinsic contribution i8],

L) is computed by subtracting from the first order 19lthe contribution due to the soft gluons.

We obtain :

4dcp K3
LK, )= ——ciozs(K Y= iRyes ‘-Qz\/ —-—-:E-gl— (8)

Through egs.(4 -+ 7) we have a complete specification of eq.(1) without any parameters. Due to

the angular correlations in the integral in eq.(1), it is useful to rewrite it in an alternative form :

dF

T = 3 ] prsu@pe= 01 400 ®

where the regularized Bessel transform of the perturbative contribution is given by :
g(p) = [ K 4K [Jo(K 1 b) — 1LO(K ) (10)

Comparing eqs.(8)and (9) with (4) and (5), we notice that the same regularization procedure is implied
for both soft and hard contribution (as it should be), but only the soft part is exponentiated. The
hard corrections are treated perturbatively over the soft background. Through egs.(8) and (9), we

obtain F(Q ; Jus@ | for fized values of Q2 and E or (3).



Since 3 = sy; Y2, Where ¥y o are the fractional momenta of quarks and antiquarks in the hadron,

we now integrate eq.(9) over the parton densities,writing

) sdo
dz1dzed?Q) |

1 1 »
= / ¢y j; dya§(y1, ¥2)F(@ 1 ; Q% 89192) (11)
Ty a

which now leads to a finite Drell-Yan cross section, i.e.

sdo

1
————— == / d?h.f dy25(y1, ¥2) (12)
v, Ta

dzi1dzo

As stated earlier a similar expression can be derived for Compton graphs as well{20],

The above algorithm for the transverse momentum distribution of produced A" (or W or Zp) in
the Drell- Yan processes preserves the normalization ( of the integrated cross-section), includes an
indefinite number of soft gluons as well as an intrinsic transverse momentum, and asymptotes to the
perturbative result for large @ . No parameters beyond the QCD scale A appear in the resulting
expression.

In the near future, through the collider and other facilities, high statistics data would become
available for @) | distributions of W and Zo [11,12], Even though @2 for these processes are quite
large, expressions of the type presented here, containig both soft and hard gluons, are needed for
comparison with data.Also, we need expressions which do not contain arbitrary parameters, so that

possible new signatures, e.g. production of squarks etc., may reliably be checked for.

ACKNOWLEDGMENTS
‘We thank Prof.G.Altarelli for discussions.



-7 -

REFERENCES

1. Proceedings of the First Moriond Workshop on Lepton Pair Production, Editions Frontieres,1981.
(J.Tran Thanh Van, Editor).

i)

. R.Barbieri, N.Cabibbo, L.Maiani and S.Petrarca, Physics Lett. 127B,458 (1983).

]

. A.Nakamura, G.Pancheri and Y.N.Srivastava, Z.fur Physik C,in press.

=N

. H.Stapp, Phys.Rev.Lett. 50, 467 (1983); G.F.Chew, LBL-15811 Preprint (1983).

5. J.C.Collins and D.E.Soper, Nucl.Phys. 193,381 (1981);197,446(1982).

6. A.M.Polyakov,JETP Lett. 20,194 (1974).

7. G.Parisi and R.Petronzio, Nucl.Phys. B154,427 (1979).

8. G.Altarelli, G.Parisi and R.Petronzio, Phys.Lett.B76, 351,356 (1978); R.K.Ellis,G.Martinelli
and R.Petronzio,Phys.Lett. B104,45(1981);P.Chiappetta and M.Greco, Nucl.Phys. B199,77 (1982).

9. K Kajantie and R.Raito,Nucl.Phys. B139,72 (1978); P.Aurenche and J.Lindfors, Nucl.Phys.B185,274
(1981).

10. J.Kubar,M.Le Bellac, J.L Meunier and G.Plaut,Nucl.Phys. B175,251 (1980).

11. G.Arnison et al., Phys.Lett. 122B,103 (1983); Phys.Lett. 126B,398 (1983). UAL1 Collaboration.

12. M.Banner et al., Phys.Lett. 122B, 476 (1983); P.Bagnaia et al., Phys.Lett. 129B,130 (1983).
UA2 Collaboration.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


