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Quark initiated coherent diffractive production of a muon pair and W boson at hadron colliders
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The large transverse momentum muon pair andW boson production in the quark initiated coherent diffrac-
tive processes at hadron colliders are discussed in the framework of the two-gluon exchange parametrization of
the Pomeron model. In this approach, the production cross sections are related to the small-x off-diagonal
gluon distribution and the large-x quark distribution in the proton~antiproton!. By approximating the off-
diagonal gluon distribution by the usual gluon distribution function, we estimate the production rates of these
processes at the Fermilab Tevatron.@S0556-2821~99!02723-X#

PACS number~s!: 12.40.Nn, 13.85.Ni, 14.40.Gx
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I. INTRODUCTION

In recent years, there has been a renaissance of intere
diffractive scattering. These diffractive processes are
scribed by the Regge theory in terms of Pomeron (P) ex-
change@1#. The Pomeron carries the quantum numbers of
vacuum, so it is a colorless entity in QCD language, wh
may lead to ‘‘rapidity gap’’ events in experiments. Howeve
the nature of the Pomeron and its interaction with hadr
remains a mystery. For a long time it had been underst
that the dynamics of the ‘‘soft Pomeron’’ was deeply tied
confinement. However, it has been realized now that m
can be learned about QCD from the wide variety of smax
and hard diffractive processes, which are now under st
theoretically and experimentally.

On the other hand, we know that there exist nonfactori
tion effects in the hard diffractive processes at hadron col
ers @2–5#. First, there is the so-called spectator effect@4#,
which can change the probability of the diffractive hadr
emerging from collisions intact. Practically, a suppress
factor ~or survival factor! ‘‘ SF’’ is used to describe this ef
fect @6#. Obviously, this suppression factor cannot be cal
lated in perturbative QCD, and is now viewed as a nonp
turbative parameter. Typically, the suppression factorSF is
determined to be about 0.1 at the energy scale of the Fe
lab Tevatron@5#. Another nonfactorization effect discusse
in the literature is coherent diffractive processes at had
colliders@3#, in which the whole Pomeron is induced in ha
scattering. It is proved in@3# that the existence of the leadin
twist coherent diffractive process is associated with a bre
down of the QCD factorization theorem.

Recently, we have shown that these coherent diffrac
processes can be studied in the two-gluon exchange m
@7–9#, and have calculated the diffractiveJ/c and charm jet
production rates at hadron colliders@10,11#. The two-gluon
exchange parametrization of the Pomeron was previo
used to describe diffractive processes in photoproductio
ep colliders @7–9#. An important feature of this model re
cently demonstrated is the sensitivity of the production cr
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section to the off-diagonal parton distribution functions
the proton@13#.

As sketched in Fig. 1, the color-singlet two-gluon syste
~representing the Pomeron! is emitted from one hadron an
interacts with another hadron by scattering off its partons
a hard scattering process. This process is a coherent dif
tive process. The processes calculated in@10,11# are the
gluon induced processes; i.e., the parton~emitted from the
upper hadron! involved in the hard process is the gluo
Here, in this paper, the processes that will be calculated
the quark initiated processes. Following the method int
duced in@10,11#, we calculate the massive muon pair andW
boson production in coherent diffractive processes at had
colliders in the leading logarithmic approximation~LLA ! of
QCD. As shown in Fig. 1, the massive muon pair is pr
duced via a timelike virtual photong* . So we only need to
calculate the process of a virtual photon production,pp̄
→qg* p1X, and the virtuality of the photonM2 is equal to
the invariant mass of the produced muon pair.

Because of the quark participation in these processes
expect that the production cross sections of these proce
are sensitive to the large-x quark distribution in the proton
As has been shown in@10,11#, the gluon initiated coheren
processes are sensitive to the small-x gluon distribution in
the proton. However, all of these coherent processes are
sitive to the off-diagonal gluon distribution in the proto
which is the typical property of the two-gluon exchange p
rametrization of the Pomeron model calculated previou
and here.

FIG. 1. Sketch diagram for diffractive virtual photong* andW
boson production at hadron colliders in perturbative QCD.
©1999 The American Physical Society18-1
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The diffractive production of heavy quark jet at hadr
colliders has also been studied by using the two-gluon
change model in Ref.@12#. However, their calculation
method is very different from ours.1 In their calculations,
they separated their diagrams into two parts, and called
part the coherent diffractive contribution to the heavy qu
production. However, this separation cannot guarantee ga
invariance@11#. In our approach, we follow the definition o
Ref. @3#; i.e., we call the process in which the who
Pomeron participates in the hard scattering process the
herent diffractive process. Under this definition, all of t
diagrams plotted in Fig. 2 for the partonic processesqp
→qg*p and qp→q8Wp contribute to the coherent diffrac
tive production.

In addition, we must emphasize that in this paper we o
consider diffractive muon pair~or W) production in the
‘‘Pomeron fragmentation region,’’ i.e.,MX

2;4kT
2 , where

MX
2 is the invariance mass of the diffractive final states a

kT is the transverse momentum of the muon pair.
The rest of the paper is organized as follows. In Sec.

we give the cross section formulas for the partonic proces
qp→g* qp and qp→W6qp in LLA QCD. We use the
Feynman rule method@14# in the calculations. The numerica
results are given in Sec. III for diffractive massive muon p
andW boson production at large transverse momentum at
Fermilab Tevatron. The conclusion is given in Sec. IV.

II. LLA FORMULA FOR THE PARTONIC PROCESS

The Feynman diagrams of the partonic processes are
same for theg* production andW boson production excep
for the difference of the electroweak vertex in these t
processes. So, in the following, we will mainly focus on t
calculation of theg* production process. TheW boson pro-
duction cross section will be obtained by a similar metho

As sketched in Fig. 1, the cross section for diffracti
muon pair production at hadron colliders (pp̄ at the Teva-
tron! can be formulated as

1For detailed discussions and comments, see@11#.

FIG. 2. The lowest order perturbative QCD diagrams for
partonic processqp→g* qp. The crosses in each diagram repres
the discontinuity we calculated in the evaluation of the imagin
part of the amplitude.
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ds~pp̄→m1m2p1X!

5E dx1dŝ~qp→m1m2qp! f q~x1 ,Q2!, ~1!

wherex1 is the longitudinal momentum fraction of the ant
proton carried by the incident quark of flavorq. f q(x1 ,Q2) is
the quark distribution function in the antiproton, andQ2 is
the scale of the hard process.dŝ(qp→m1m2qp) is the
cross section for the partonic processgp→m1m2qp.

In the diffractive partonic processqp→g* qp, at the
leading order of perturbative QCD, there are four diagra
shown in Fig. 2. The two-gluon system coupled to the d
fractive proton is in a color-singlet state, which characteriz
the diffractive processes in perturbative QCD. Because of
positive signature of these diagrams~color-singlet ex-
change!, the real part of the amplitude cancels out in t
leading logarithmic approximation. To evaluate the ima
nary part of the amplitude, we must calculate the disconti
ity represented by the crosses in each diagram of Fig. 2

The diagrams of Fig. 2 show that the processqp
→g* qp is by crossing related to the photoproduction pr
cessg* p→qq̄p in ep collisions. But the virtualities of the
photons in these two processes are not the same. In the
toproduction process@deep inelastic scattering~DIS!# the vir-
tual photon is space like, while in the massive muon prod
tion process it is time like. This relation between the abo
two processes is similar to the relation between the Dr
Yan process at hadron colliders and the deep inelastic s
tering process atep colliders.

In the following calculations, we express the formulas
terms of the Sudakov variables. That is, every four-mome
ki are decomposed as

ki5a iq1b i p1kiT , ~2!

whereq andp are the momenta of the incident quark and t
proton,q250, p250, and 2p•q5W25s. Heres is the c.m.
energy of the quark-proton system, i.e., the invariant mas
the partonic processqp→g* qp. a i andb i are the momen-
tum fractions ofq and p, respectively.kiT is the transverse
momentum, which satisfies

kiT•q50, kiT•p50. ~3!

All of the Sudakov variables for every momentum are det
mined by using the on-shell conditions of the momenta
the external-line and crossed-line particles in the diagram

The Sudakov variables associated with the momentuk
are determined by the on-shell conditions of the outgoingg*
momentumk1q and the light quark momentumu2k. So
the variablesak andbk satisfy the following equations:

akM
22kT

25ak~11ak!MX
2 , ~4!

bk5
M22akMX

2

s
,

t
y

8-2
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QUARK INITIATED COHERENT DIFFRACTIVE . . . PHYSICAL REVIEW D 60 114018
wherekT is the transverse momentum of the virtual phot
g* , M2 is the virtuality of the photong* ~the invariant mass
squared of the muon pair!, and MX

2 is the invariant mass
squared of the diffractive final system~including the muon
pair and the light quark jet!, i.e.,

MX
25~q1u!2. ~5!

Because we derive the differential cross sectionds/dt at
t50, in the calculations the momentum transfer squared
the diffractive processqp→g* qp is set to be zero, i.e.,u2

5t50. This identity, together with the above equation~5!,
gives the Sudakov variables for momentumu as,

au50, bu5
MX

2

s
, uW T

250. ~6!

Similarly, for the momentuml, the Sudakov variables are

a l52
l T
2

s
,

b l5
2~kT ,l T!2~12bk!l T

2

aks
, for diag. 1, 2,

b l52
MX

22 l T
2

s
, for diag. 3, 4, ~7!

where (kT ,l T) is the two-dimensional product of the vect
kWT and lWT . We can see thatb l is not the same for these fou
diagrams, as it is in the case of diffractive charm jet andJ/c
production processes@10,11#.

Among these variables, there are two small paramete

bu!1,
l T
2

MX
2

!1, ~8!

which are the basic expansion parameters in the follow
calculations.

With the variables introduced above, the differential cro
section formula for the partonic processqp→g* qp can be
written as

dŝ

dt
U

t50

5
dMX

2dkT
2dak

16s216p3MX
2

3dS ak~11ak!1
kT

22akM
2

MX
2 D( uĀu2, ~9!

where A is the amplitude of the processqp→g* qp. We
know that the real part of the amplitudeA is zero, and the
imaginary part of the amplitudeA(gp→g* qp) for each dia-
gram of Fig. 2 has the following general form:

Im A5CFE d2l T

~ l T
2!2

Fū~u2k!Gmu~q!, ~10!
11401
of
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whereCF52/9 is the color factor for each diagram.Gm rep-
resents someg matrices including one propagator.F in the
integral is defined as

F5
3

2s
gs

2eeqf ~x8,x9; l T
2!, ~11!

where

f ~x8,x9; l T
2!5

]G~x8,x9; l T
2!

] ln l T
2

, ~12!

where the functionG(x8,x9;kT
2) is the so-called off-diagona

gluon distribution function@13#. Here,x8 andx9 are the mo-
mentum fractions of the proton carried by the two gluons
is expected that for smallx there is no big difference betwee
the off-diagonal and the usual diagonal gluon densities@15#.
So, in the following calculations, we estimate the product
rate by approximating the off-diagonal gluon density by t
usual diagonal gluon density,G(x8,x9;Q2)'xg(x,Q2),
wherex5xP5MX

2/s.
In the amplitude, Eq.~10!, we see that the leading loga

rithmic contribution comes from the terms inGm which are
proportional tol T

2 . So we can expandGm in terms ofl T
2 , and

take the leading order terms (l T
2), and neglect the highe

order terms.
Futhermore, we note that in the integral of Eq.~10! the l T

0

terms inGm coming from all diagrams must be canceled o
by each other. Otherwise, their net sum~order of l T

0) will
lead to a linear singularity asl T

2→0 when we perform the
integration overl T

2 . The linear singularity is not proper in
QCD calculations. So we first examine the behavior of
amplitude at the order ofl T

0 , i.e., in the limit of l T
2→0. In

this limit, theGm for each diagram has the following form

Gm
(1)52Gm

(2)5
s2

MX
2

akgm ,

~13!

Gm
(3)52Gm

(4)5
s2

MX
2

gm .

To obtain the above result, we have used the following eq
tions:

ū~u2k!~u”2k” !50,
~14!

q”v~q!50.

From Eq.~13!, we can see that the contributions ofGm at
the order ofl T

0 from the four diagrams are canceled out
each other. There is no contribution to the amplitude, E
~10!, at this order. This is what we expected as mention
above.

From the above analysis, we see that only after summ
up all of the four diagrams contributions can it give a gau
invariant amplitude for the partonic processqp→qg* p. So
the separation of the diagrams according to Ref.@12# is not
8-3
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FENG YUAN AND KUANG-TA CHAO PHYSICAL REVIEW D 60 114018
correct.
At the next order expansion ofGm , l T

2 , the evaluation is
much more complicated, but nevertheless straightforw
We first give the expansion result for the propagators. To
order of l T

2 , they are

g15
1

akMX
2

, g45
1

MX
2

, ~15!

g25
1

MX
2 F11

(11ak2bk) l T
2

akMX
2

1
4~kT ,l T!2

~akMX
2 !2

2
2~kT ,l T!

akMX
2 G ,

g35
1

ak
g2 .

Apart from the propagator expansion, theg matrices in
Gm also contain thel T

2 terms. They mostly come from th
Sudakov variables~expressed inl T

2) of momentuml, i.e.,a l ,
b l , and the slasherł T . Furthermore, the two-dimensiona
product (kT ,l T) also contributesl T

2 terms. After integrating

over the azimuth angle oflWT , we get the following result:

E d2l T~kT ,l T!25
p

2E dlT
2kT

2l T
2 , ~16!

E d2l T~kT ,l T!ł T5
p

2E dlT
2k”Tl T

2 .

To simplify our calculations, the contributions from th
four diagrams are added together, and decomposed into
eral terms as follows.

The terms~defined as thea term! coming from the slashe
ł T in the g matrices, for all these four diagrams to bein
summed up together, are

Gm
(a)52

l T
2

MX
2

11ak

ak
p”gmp” . ~17!

The terms (b term! from a l52 l T
2/MX

2 are
ic

11401
d.
e

ev-

Gm
(b)5

l T
2

MX
2 F ~11ak!sgm2

11ak

ak
p”q”gmG . ~18!

The terms (c term! from the propagator expansion are

Gm
(c)52

l T
2

~MX
2 !2

~11ak!s
2S 11ak2bk

ak
1

2kT
2

ak
2MX

2 D gm .

~19!

The last terms come from those which are proportional
‘ ‘( kT ,l T) ł T . ’’ They are (d term!

Gm
(d)5

l T
2

~MX
2 !2

11ak

ak
2 ~aksgmk”Tp”2sp” k”Tgm!. ~20!

Adding up all of the abovea, b, c, andd terms, we get the
amplitude squared for the diffractive processqp→g* qp,
after averaging over the spin and color degrees of freedo

( uAu 25
162as

2aeq
2p5

9

s2M2

~MX
2 !6 S 11ak

ak
D 2

3@2~11ak!M
2MX

22ak~MX
2 !222~M2!2#

3@xg~x,Q2!#2. ~21!

To obtain the above result, we have only taken the lead
order contribution, and neglected the higher order contri
tion which is proportional tobu5MX

2/s. The factorization
scale in the gluon density is very important because we kn
that the parton distributions at smallx change rapidly with
this scale. In Ref.@12#, they used different scales for the
two parts of the diagrams for the partonic process. Howe
as discussed in the above calculations, all of the four d
grams must be summed together to give a gauge invar
amplitude for coherent diffractive production at hadron c
liders. So the scales of the four diagrams must be the sa
for which we choose it to beQ2. The separation in@12# is
not gauge invariant.

Finally, we get the differential cross section for the pa
tonic processqp→g* qp in the LLA of QCD,
dŝ

dt
U

t50

5dMX
2dkT

2dak

p2as
2aeq

2

9
@xg~x,Q2!#2S 11ak

ak
D 2M2@2~11ak!M

2MX
22ak~MX

2 !222~M2!2#

~MX
2 !6A~MX

22M2!224kT
2MX

2

3@d~ak2a1!1d~ak2a2!#, ~22!
n
ion
wherea1,2 are the solutions of the following equation:

a~11a!1
kT

22aM2

MX
2

50. ~23!

With this differential cross section formula for the parton
processqp→g* qp, we can get the differential cross sectio
for the partonic process of massive muon pair product
qp→m1m2qp,

dŝ~qp→m1m2qp!

dM2dt
U

t50

5
a

3pM2

dŝ~qp→g* qp!

dt
U

t50

.

~24!
8-4
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QUARK INITIATED COHERENT DIFFRACTIVE . . . PHYSICAL REVIEW D 60 114018
For W6 boson production processes, the differential cr
section formulads/dt can be easily obtained from Eq.~22!
by making the following replacements:

M→MW , aeq
2→2

gw
2

4p
, ~25!

wheregw5GFMW
2 /A2.

III. NUMERICAL RESULTS

With the cross section formulas given in last section,
can calculate the cross section of diffractive production at
hadron level. However, as mentioned above, there exist n
factorization effects caused by spectator interactions in
hard diffractive processes in hadron collisions. Here, we
a suppression factorFS to describe these nonfactorizatio
effects in the hard diffractive processes at hadron collid
@4#. At the Tevatron, the value ofFS may be as small as
FS'0.1 @4,5#. That is to say, the total cross section of t
diffractive processes at the Tevatron may be reduced by
order of magnitude due to the nonfactorization effects. In
following numerical calculations, we adopt this suppress
factor value to evaluate the diffractive production rates of
massive muon pair andW boson at the Fermilab Tevatron

In the numerical calculations, we take the input para
eters as follows:

a51/128, MW580.33 GeV,

GF51.1531025 GeV22. ~26!

The scales for the running coupling constant and the pa
distribution function are set to be the same. For the num
cal calculations, the scale is set to beQ25M21kT

2 for mas-
sive muon pair production~here we still usea51/128 for
this process approximately! andQ25MW

2 for W boson pro-
duction. For the parton distribution functions, we select
Glück-Reya-Vogt~GRV! next leading order~NLO! set@16#.

The numerical results for the massive muon pair prod
tion at large transverse momentum in the coherent diffrac
processes at the Fermilab Tevatron are shown in Figs. 3
4. In Fig. 3, we plot the double differential cross secti
d2smm/dM2dtu t50 as a function of the lower bound of th
transverse momentum of the muon pairkT min , where we set
M255 GeV2. In Fig. 4, we plot the double differentia
cross section as a function of the lower bound of the mom
tum fractionx1 , x1min. This figure shows that the dominan
contribution to the cross section comes from the region
x1;1021. Comparing this result with that of the diffractiv
J/c and charm jet production cross sections, we find that
dominant contribution region ofx1 to the cross section o
muon pair production here is some orders of magnitu
larger than that ofJ/c and charm jet production. This i
understandable, because the cross sections for the diffra
11401
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processes at hadron colliders depend on the parton distr
tion functions as the following form:

ds} f q~x1 ,Q2!@g~x,Q2!#2, ~27!

wherex1 is the longitudinal momentum fraction of the pro
ton ~or antiproton! carried by the incident parton~quark or
gluon!. In the diffractiveJ/c and charm jet production pro-
cesses, the incident parton is the gluon, so the cross sectio
sensitive to the small-x gluon distribution function in the

FIG. 3. The double differential cross sectiond2smm/dM2dtu t50

at M255 GeV2 for massive muon pair production at the Fermila
Tevatron as a function ofkT min . kT min is the lower bound of the
transverse momentum of the muon pair.

FIG. 4. The double differential cross sectiond2smm/dM2dtu t50

at M255 GeV2 as a function ofx1min, where we setkT min

55 GeV. x1min is the lower bound of the momentum fraction o
the proton carried by the incident quark.
8-5
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FENG YUAN AND KUANG-TA CHAO PHYSICAL REVIEW D 60 114018
proton. In the diffractive massive muon pair andW boson
production processes calculated here, the incident parto
the quark, so the cross section is sensitive to the largx
quark distribution in the proton. However, the dependence
the cross sections on the second factor@g(x,Q2)2# is the
same for these two types of processes~the quark induced and
the gluon induced processes!. This feature is due to the two
gluon exchange model calculation for the diffractive pr
cesses.

The numerical results on the diffractiveW boson produc-
tion at the Fermilab Tevatron are plotted in Figs. 5 and 6
these two figures, we only plot the diffractiveW1 production

cross section in the processpp̄→W1p̄X. W2 production in

the (pp̄→W2p̄X) process andW6 production in (pp̄
→W6pX) can be obtained similarly. In Fig. 5, we plot th
differential cross sectiondsW/dtu t50 as a function of the
lower bound of the transverse momentumkT min . In Fig. 6,
we plot the dependence of the cross section onx1min, where
we set kT min55 GeV. From this figure, we see that th
dominant contribution comes from the region ofx1.1021.
This is because the large mass of theW boson requires a
value ofx1 larger than that for low mass muon pair produ
tion.

For the possibility of the experimental measurement
coherent diffractive production, we think that some oth
mechanisms may be important in perturbative QCD bey
the two-gluon exchange model, such as quark pair excha
We note that quark pair exchange is suppressed for the
of valence quarks by the factorbu5MX

2/s and corresponds
to secondary Reggeon (r, v, f , . . . ) exchange. So the
‘‘valence’’ and ‘‘sea’’ quark contributions may be differen
for the quark pair exchange processes. Work along this
is in preparation. Also, the survival factor and the o
diagonal parton distribution function may cause uncertain

FIG. 5. The differential cross sectiondsW/dtu t50 for W1 boson

production in the diffractive processpp̄→W1p̄X at the Fermilab
Tevatron as a function ofkT min .
11401
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as well. So we will leave the discussion of the experimen
measurement to a forthcoming paper.

IV. CONCLUSIONS

In this paper, we have derived a formula for the qua
initiated coherent diffractive processes at hadron colliders
perturbative QCD by using the two-gluon exchange para
etrization of the Pomeron model. We have shown that p
duction cross sections of the massive muon pair andW boson
are related to the off-diagonal gluon distribution and largex
quark distribution in the proton~antiproton!. To estimate the
production rates for these processes, we have approxim
the off-diagonal gluon distribution by the usual gluon dist
bution function in the proton.

By now, we have studied the coherent diffractive pr
cesses at hadron colliders by using the two-gluon excha
model includingJ/c production@10#, charm jet production
@11#, and massive muon pair andW boson production. All of
these processes have a common feature: there is a larg
ergy scale associated with these processes to guarante
application of perturbative QCD, i.e.,Mc for J/c produc-
tion, mc for charm jet production,M2 for massive muon pair
production, andMW for W boson production. And anothe
common feature is the sensitivity to the off-diagonal glu
distribution function in all these processes~for a detailed
discussion see@11#!. Therefore, these diffractive productio
processes will open a useful window for the study of t
off-diagonal gluon distribution function in the proton.
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FIG. 6. The differential cross sectiondsW/dtu t50 as a function
of x1min, where we setkT min55 GeV.
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