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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 #Whtdoson 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 sffadlikgonal
gluon distribution and the large-quark distribution in the protortantiprotor). By approximating the off-
diagonal gluon distribution by the usual gluon distribution function, we estimate the production rates of these
processes at the Fermilab Tevatrp80556-282(99)02723-X]

PACS numbdss): 12.40.Nn, 13.85.Ni, 14.40.Gx

[. INTRODUCTION section to the off-diagonal parton distribution functions in
the proton[13].

In recent years, there has been a renaissance of interest in As sketched in Fig. 1, the color-singlet two-gluon system
diffractive scattering. These diffractive processes are detrepresenting the Pomerpis emitted from one hadron and
scribed by the Regge theory in terms of Pomerd éx-  interacts with another hadron by scattering off its partons in
changd1]. The Pomeron carries the quantum numbers of thé hard scattering process. This process is a coherent diffrac-
vacuum, so it is a colorless entity in QCD language, whichiveé process. The processes calculated 10,11 are the
may lead to “rapidity gap” events in experiments. However,gluon mduced_processe_s; i.e., the par(emltte_d from the
the nature of the Pomeron and its interaction with hadron&PPer hadroninvolved in the hard process is the gluon.
remains a mystery. For a long time it had been understoomere’ in thlis_p_aper, the processes tha_t will be calculat(_ad are
that the dynamics of the “soft Pomeron” was deeply tied totne quark initiated processes. Following the method intro-

confinement. However, it has been realized now that muclguuced m[lO,l]J, we calculate th.e massive muon pair and
can be learned about QCD from the wide variety of small- boson production in coherent diffractive processes at hadron

. . . lliders in the leading | ithmi imatidnLA ) of
and hard diffractive processes, which are now under stud%ocbefsmshoime ?n"::?g Ogartlhemrfaigﬁ/?xljnr?géﬂgair)ig pro-

theoretically and experimentally. , _duced via a timelike virtual photog*. So we only need to
On the other hand, we know that there exist nonfacmr'zaéalculate the process of a virtual photon broduction
tion effects in the hard diffractive processes at hadron collid- P P P om

N * . . 2 .
ers[2-5|. First, there is the so-called spectator effet}, gy*ptX, and the virtuality of the photoM® is equal to

: o ) . the invariant mass of the produced muon pair.
which can change _th_e pro_babﬂny of the diffractive hadron Because of the quark participation in these processes, we
emerging from collisions intact. Practically,

_ > Intac a SUPPresSIONaynect that the production cross sections of these processes
factor (or survival factoy “ S¢" is used to describe this ef- 510 sensitive to the large-quark distribution in the proton.
fect[6]. Obviously, this suppression factor cannot be calcu-ag has peen shown ifL0,11, the gluon initiated coherent
lated in perturbative QCD, and is now viewed as a nonperprocesses are sensitive to the smxatiuon distribution in
turbative parameter. Typically, the suppression fa8eris  the proton. However, all of these coherent processes are sen-
determined to be about 0.1 at the energy scale of the Ferméitive to the off-diagonal gluon distribution in the proton,
lab Tevatron[5]. Another nonfactorization effect discussed which is the typical property of the two-gluon exchange pa-
in the literature is coherent diffractive processes at hadromametrization of the Pomeron model calculated previously
colliders[3], in which the whole Pomeron is induced in hard and here.

scattering. It is proved ifi3] that the existence of the leading
twist coherent diffractive process is associated with a break-
down of the QCD factorization theorem.

Recently, we have shown that these coherent diffractive
processes can be studied in the two-gluon exchange model
[7-9], and have calculated the diffractidéys and charm jet
production rates at hadron collideis0,11. The two-gluon
exchange parametrization of the Pomeron was previously o
used to describe diffractive processes in photoproduction at
ep colliders[7-9]. An important feature of this model re- FIG. 1. Sketch diagram for diffractive virtual photeif andw
cently demonstrated is the sensitivity of the production cros®oson production at hadron colliders in perturbative QCD.

N
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do(pp—u’u p+X)

+
o]
i

wif BB R =f dxda(ap—u’n apfe(x.Q?), (@
p =3 p/ © 4
(1) () wherex; is the longitudinal momentum fraction of the anti-
VWY NN proton carrie;d py the incident ql_Jark of fla\_/uprfq(xl,Qz) ?s
o - N the quark distribution function in the antiproton, a@d is
§ E § E the scale of the hard processo(qp—utx™qp) is the
e e d e cross section for the partonic procegs— u ™t u ™ qp.

(3) (4) In the diffractive partonic procesgp— y*qp, at the
_ _ leading order of perturbative QCD, there are four diagrams
FIG_. 2. The lowest order perturbatlye QCD @agrams for theshown in Fig. 2. The two-gluon system coupled to the dif-
partonic procesgp— y* qp. The crosses in each diagram representfractive proton is in a color-singlet state, which characterizes
the dlscontlnmty_ we calculated in the evaluation of the imaginaryihe (iffractive processes in perturbative QCD. Because of the
part of the amplitude. positive signature of these diagranisolor-singlet ex-
. ) . ) change, the real part of the amplitude cancels out in the
The diffractive production of heavy quark jet at hadron eading logarithmic approximation. To evaluate the imagi-
colliders has also been studied by using the two-gluon expary part of the amplitude, we must calculate the discontinu-
change model in Ref[12]. However, their calculation ity represented by the crosses in each diagram of Fig. 2.
method is very different from oursln their calculations, The diagrams of Fig. 2 show that the procesp
they separated thel_r dlag_rams mtp tvyo parts, and called one, y*qp is by crossing related to the photoproduction pro-
part the coherent diffractive contribution to the heavy quark —

. . ; cessy*p—qqp in ep collisions. But the virtualities of the
.prOdL.JCt'On' However, this separation cannot guarantee gau%%otons in these two processes are not the same. In the pho-
invariance[11]. In our approach, we follow the definition of :

Ref. [3]: ie.. we call the process in which the whole toproduction procedsleep inelastic scatterin@IS)] the vir-

. . . tual photon is space like, while in the massive muon produc-
Pomeron participates in the hard scattering process the CQon process it is time like. This relation between the above
herent diffractive process. Under this definition, all of the X

diagrams plotted in Fig. 2 for the partonic processgs two processes is similar to the relation between the Drell-

. . Y th Mli th inelasti t-
—(qy*p and qp—q’Wp contribute to the coherent diffrac- te?ir:]gtsr%e(:zsssa‘&&g?:?lﬂd%?slders and the deep inelastic sca
tive production. .

In addition, we must emphasize that in this paper we only, In the following calculqtions, we express the formulas in
. e ) T terms of the Sudakov variables. That is, every four-momenta
consider diffractive muon paifor W) production in the k. are decom d
w“ ; P 2 2 i posed as
Pomeron fragmentation region,” i.e.My~4k:, where
MZ is the invariance mass of the diffractive final states and
kt is the transverse momentum of the muon pair.

The rest of the paper is organized as follows. In Sec. Il .
we give the cross section formulas for the partonic processé@hereq an_dp ar;e_the momenta_of tzhf Incident quark and the
qp—»*qp and qp—W*qp in LLA QCD. We use the proton,q“=0, p“=0, and D -gq=W =s. Heresis 'ghe c.m.
Feynman rule methofd 4] in the calculations. The numerical energy of t.he quark-protorl system, i.e., the invariant mass of
results are given in Sec. Il for diffractive massive muon pairthe partonic procesgp— y*dp. a; andg; are the momen-
andW boson production at large transverse momentum at thEim fractions Of.q and P I espectivelykir is the transverse
Fermilab Tevatron. The conclusion is given in Sec. IV. momentum, which safisfies

ki=a;q+ Bip+kir, 2

kir-q=0, kir-p=0. ()
Il. LLA FORMULA FOR THE PARTONIC PROCESS
The Feynman diagrams of the partonic processes are tH¥l! Of the Sudakov variables for every momentum are deter-
same for they* production andA boson production except Mined by using the on-shell conditions of the momenta of

for the difference of the electroweak vertex in these twoth€ €xternal-line and crossed-line particles in the diagram.
processes. So, in the following, we will mainly focus on the ~ The Sudakov variables associated with the momerkum

calculation of they* production process. TH&/ boson pro- &€ determined by the on—;hell conditions of the outgaitig
duction cross section will be obtained by a similar method. Momentumk+q and the light quark momentum—k. So
As sketched in Fig. 1, the cross section for diffractive the variablesy and gy satisfy the following equations:

muon pair production at hadron coIIiderpR at the Teva-

2_ 2 2

tron) can be formulated as M= k7= ay(1+ a ) M5, (4)
M2— o, M%
For detailed discussions and comments, [d6é Pi= S '
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wherek; is the transverse momentum of the virtual photonwhereCg=2/9 is the color factor for each diagrat, rep-
¥*, M2 is the virtuality of the photon* (the invariant mass resents some matrices including one propagatdt.in the

squared of the muon pajrand Mf( is the invariant mass

squared of the diffractive final systefmcluding the muon

pair and the light quark jéti.e.,
MZ=(q+u)?. (5

Because we derive the differential cross sectioridt at

t=0, in the calculations the momentum transfer squared of

the diffractive process|p— y*qp is set to be zero, i.ey?
=t=0. This identity, together with the above equati&,
gives the Sudakov variables for momenturas,

2
Mx
S

-

a,=0, B,=—, U2=0. (6)

Similarly, for the momentun, the Sudakov variables are

|2
T
a)|=— —,

S

_ 2(kr I —(1-B0IF

! S '

for diag. 1, 2,

2 2

I - S 1

for diag. 3, 4, (7)
where (1,l7) is the two-dimensional product of the vector
kt andit. We can see thas, is not the same for these four

diagrams, as it is in the case of diffractive charm jet ahyl
production processd40,11].

integral is defined as

F=igze f(x',x";12) (12)
28 S eq 1 11T/
where
L. IG(X' X";19)
fx' X519 = ———5—, (12)
ainlg

where the functiorG(x’,x”;k%) is the so-called off-diagonal
gluon distribution functiorf13]. Here,x’ andx” are the mo-
mentum fractions of the proton carried by the two gluons. It
is expected that for smalithere is no big difference between
the off-diagonal and the usual diagonal gluon densftlés.

So, in the following calculations, we estimate the production
rate by approximating the off-diagonal gluon density by the
usual diagonal gluon densityG(x’,x";Q?)~xg(x,Q?),
wherex=x,=M2/s.

In the amplitude, Eq(10), we see that the leading loga-
rithmic contribution comes from the terms If, which are
proportional td%. So we can expanl, in terms ofI%, and
take the leading order termsi?rq, and neglect the higher
order terms.

Futhermore, we note that in the integral of E40) thel$
terms inI",, coming from all diagrams must be canceled out
by each other. Otherwise, their net suorder of 12) will
lead to a linear singularity a&—0 when we perform the
integration 0ver1$. The linear singularity is not proper in
QCD calculations. So we first examine the behavior of the

Among these variables, there are two small parameters amplitude at the order dff, i.e., in the limit ofI2—0. In

I7
<1,
MX

Bu<1, 8

which are the basic expansion parameters in the following

calculations.

With the variables introduced above, the differential cross

section formula for the partonic procegp— y*qp can be
written as

do
dt

_ dMEdKiday
=0 168216m°M%

ki—a,M? _
M—:)E lA[%, (9

2
X 5( a1+ ap) + —
X

where A is the amplitude of the procespp— y*qp. We

know that the real part of the amplitudé is zero, and the
imaginary part of the amplitudd(gp— y* qp) for each dia-
gram of Fig. 2 has the following general form:

2|T

)2

d _
ImA=CFJ'(I Fu(u—Kk)I',u(q), (10

2
T

this limit, thel",, for each diagram has the following form:

S2

D= _7@A="_
F,u - F# 12 YkVuo
X
, (13
S
F(3)=—F(4)=—y )
2 fu
w © M2

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

u(u—k)(4—K)=0,

gv(q)=0.

From Eq.(13), we can see that the contributionslof at
the order ofl$ from the four diagrams are canceled out by
each other. There is no contribution to the amplitude, Eg.
(10), at this order. This is what we expected as mentioned
above.

From the above analysis, we see that only after summing
up all of the four diagrams contributions can it give a gauge
invariant amplitude for the partonic procesp—qy*p. So
the separation of the diagrams according to R€2] is not

(14)
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correct. 12 1+ay
At the next order expansion df,, 15, the evaluation is Fﬁf)=—T2 (1+ ap)sy,———b4v,|. (18)
much more complicated, but nevertheless straightforward. X @k

We first give the expansion result for the propagators. To th

Ei’he terms € term) from the propagator expansion are
order ofl, they are ¢ ) propag P

|-2|- 1+ ak—ﬁk 2k-|2-
— 2
_ 1 _ 15 FELC)__ 22 (1t aws NIV
gl 2 g4 21 ( ) (Mx) g akMX

aMx M% (19)

1 (I+a—BIIZ  4Akr 112 2(ky,ly) The last terms come from those which are proportional to
g2=—| 1+ 5 75 > | “(ky,lt)tr.” They are d term)

M a My (M%) a My

12 1+

1 PO=— = X (asykib-spkry,).  (20)

9s= 7, 92: MR ag

Adding up all of the abova, b, c, andd terms, we get the
amplitude squared for the diffractive procesp— v*qp,
after averaging over the spin and color degrees of freedoms:

Apart from the propagator expansion, thematrices in
I', also contain thd% terms. They mostly come from the
Sudakov variablegexpressed irh-zr) of momentum, i.e., o,
B, and the slasher;. Furthermore, the two-dimensional — 162a§ae§775 s2M?
product ky,l7) also contributes‘.% terms. After integrating 2 Al *= 9 (M>2<)6

over the azimuth angle df;, we get the following result:

1+Ct’k 2

ak

X[2(1+ ) M2ME— a(MH)?—2(M?)?]

a
f Plrkr 11)?=5 f CESES (16) X[xg(x,Q%)72. (1)
To obtain the above result, we have only taken the leading
f A2l (ke 1) :jf d12K-12 order contribution, and neglected the higher order contribu-
AT 2 T tion which is proportional tog8,=M?2/s. The factorization

o i . scale in the gluon density is very important because we know
To simplify our calculations, the contributions from the iha¢ the parton distributions at smalichange rapidly with
four diagrams are added together, and decomposed into Sejis scale. In Ref[12], they used different scales for their

eral terms as follows. , two parts of the diagrams for the partonic process. However,
The terms(defined as tha term) coming from the slasher 55 giscussed in the above calculations, all of the four dia-

t+ in the y matrices, for all these four diagrams to being grams must be summed together to give a gauge invariant
summed up together, are amplitude for coherent diffractive production at hadron col-
liders. So the scales of the four diagrams must be the same,

2
r@—_ I_T 1+ oy v b 17) for which we choose it to b&?. The separation ifi12] is
K’ M2 a o HT not gauge invariant.
Finally, we get the differential cross section for the par-
The terms b term) from a,=—13/M% are tonic processip— y*qp in the LLA of QCD,
|
do m2alael 1+ oy | 2M[2(1+ @) M2ME— a (M%) —2(M?)?
0 =dMidkday ——— q[xg(x,Qz)]Z( k) 20T ) MM W)~ 2]
t=0 Xk (M%) \/(MX_M )= 4kiM%
X[6(ax—ay)+ 6(ax—az)], (22)
|
wherea; , are the solutions of the following equation: procesgjp— y* qp, we can get the differential cross section
for the partonic process of massive muon pair production
—utu”
a(l+ta)+ ——=0. ~ - -
M3 do(gp—p'p ap)| _ « do(gp—y*ap)
dm2dt o, 37M2 at [,
With this differential cross section formula for the partonic (24
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For W= boson production processes, the differential cross 100k
section formulado/dt can be easily obtained from E®2)
by making the following replacements: 107'f

2
w
)

4 (25

M—My, ae§—>2

o (10%Gev)
3
T

whereg,,=G:M3/ /2.

Ng 105k 'é

I1l. NUMERICAL RESULTS §Z 105k ,

. . . . %
With the cross section formulas given in last section, we o'l ]

can calculate the cross section of diffractive production at the E
hadron level. However, as mentioned above, there exist non 5[
factorization effects caused by spectator interactions in the o
hard diffractive processes in hadron collisions. Here, we use kg (GEV)
a suppression factafFg to describe these nonfactorization o
effects in the hard diffractive processes at hadron colliders FIG. 3. The double differential cross sectidhor“*/dM2dt|,_,
[4]. At the Tevatron, the value afs may be as small as 4 \12—5 Ge\? for massive muon pair production at the Fermilab
F5~0.1[4,5]. That is to say, the total cross section of the reyatron as a function dér . K min is the lower bound of the
diffractive processes at the Tevatron may be reduced by afansverse momentum of the muon pair.
order of magnitude due to the nonfactorization effects. In the
following numerical calculations, we adopt this suppressiorprocesses at hadron colliders depend on the parton distribu-
factor value to evaluate the diffractive production rates of th&jon functions as the following form:
massive muon pair and/ boson at the Fermilab Tevatron.

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

doefo(x1,Q)[9(x,Q%)1%, (27)

wherex; is the longitudinal momentum fraction of the pro-
a=1/128, M\=80.33 GeV, ton (or antiproton carried by the incident partofguark or
gluon). In the diffractiveJ/ and charm jet production pro-
cesses, the incident parton is the gluon, so the cross section is
Gp=1.15<10"° GeV 2. (26)  sensitive to the smak- gluon distribution function in the

The scales for the running coupling constant and the parto
distribution function are set to be the same. For the numeri
cal calculations, the scale is set to ®8=M?+ k2 for mas-
sive muon pair productiofthere we still useaw=1/128 for
this process approximateland Q2= M\ZN for W boson pro- &
duction. For the parton distribution functions, we select the%
Gluck-Reya-Vogt(GRV) next leading orde(NLO) set[16]. go 15 ]
The numerical results for the massive muon pair produc
tion at large transverse momentum in the coherent diffractive
processes at the Fermilab Tevatron are shown in Figs. 3 arg 1.0 -
4. In Fig. 3, we plot the double differential cross section’S
d2g*#/dM?dt|,_, as a function of the lower bound of the N
transverse momentum of the muon gajri,, where we set g
M2=5 Ge\2. In Fig. 4, we plot the double differential
cross section as a function of the lower bound of the momen
tum fractionx;, X,min. This figure shows that the dominant N
contribution to the cross section comes from the region o ’ 0.001 0.01 0.4
x;~10"1. Comparing this result with that of the diffractive
J/y and charm jet production cross sections, we find that the
dominant contribution region of; to the cross section of FIG. 4. The double differential cross sectidfo**/dM2dt|,_,
muon pair production here is some orders of magnitudet M2=5 Ge\® as a function 0fX;p,, Where we setky min
larger than that ofi/¢ and charm jet production. This iS =5 GeV. X, is the lower bound of the momentum fraction of
understandable, because the cross sections for the diffractivee proton carried by the incident quark.

0

—
~—

d

X{min
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FIG. 5. The differential cross sectiatv*V/dt|,_o for W boson

production in the diffractive procesp;E—>W+5X at the Fermilab
Tevatron as a function dr ip -

FIG. 6. The differential cross sectiatv"V/dt|,_, as a function
of Xqmin,» Where we sekt i, =5 GeV.

as well. So we will leave the discussion of the experimental
proton. In the diffractive massive muon pair amdboson  measurement to a forthcoming paper.
production processes calculated here, the incident parton is
the quark, so the cross section is sensitive to the large-
quark distribution in the proton. However, the dependence of

the cross sections on the second fadigtx,Q?%)?] is the In this paper, we have derived a formula for the quark
same for these two types of procesétee quark induced and  jnjtiated coherent diffractive processes at hadron colliders in
the g|UOﬂ induced proces$e§'his feature is due to the two- perturbative QCD by using the tWO-g'UOﬂ exchange param-
gluon exchange model calculation for the diffractive pro-etrization of the Pomeron model. We have shown that pro-
cesses. duction cross sections of the massive muon pair\Afizbson

The numerical results on the diffractiV® boson produc- are related to the off-diagonal gluon distribution and laxge-
tion at the Fermilab Tevatron are plotted in Figs. 5 and 6. Inquark distribution in the protofantiprotor). To estimate the
these two figures, we only plot the diffractiVé”™ production  production rates for these processes, we have approximated
cross section in the procep$_)—>W+FX. W™ production in the_off-diag(_)nal_gluon distribution by the usual gluon distri-
the (pp—W pX) process andw® production in pp bution function in the proton. I

b . - . By now, we have studied the coherent diffractive pro-

—.>W—p>-<) can be obta.unedvﬁmnarly. In Fig. 5, we plot the cesses at hadron colliders by using the two-gluon exchange
differential cross sectiomo™/dt|,—, as a function pf the  odel includingd/ ¢ production[10], charm jet production
lower bound of the transverse momentéiyn,. In Fig. 6, [11] and massive muon pair aid boson production. All of
we plot the dependence of the cross sectioxg,, where  these processes have a common feature: there is a large en-
we setkr =5 GeV. From this figure, we see that the ergy scale associated with these processes to guarantee the
dominant contribution comes from the region»qf> 107 application of perturbative QCD, i.eM, for J/4 produc-
This is because the large mass of ¥heboson requires a tion, m, for charm jet productionVi? for massive muon pair
value ofx, larger than that for low mass muon pair produc- production, andv,, for W boson production. And another
tion. common feature is the sensitivity to the off-diagonal gluon

For the possibility of the experimental measurement ofdistribution function in all these processéer a detailed
coherent diffractive production, we think that some otherdiscussion segll]). Therefore, these diffractive production
mechanisms may be important in perturbative QCD beyongbrocesses will open a useful window for the study of the
the two-gluon exchange model, such as quark pair exchangeff-diagonal gluon distribution function in the proton.
We note that quark pair exchange is suppressed for the case
of valence quarks by the factg,= Mi/s and corresponds
to secondary Reggeorp( w, f, ...) exchange. So the
“valence” and “sea” quark contributions may be different  This work was supported in part by the National Natural
for the quark pair exchange processes. Work along this wagcience Foundation of China, the State Education Commis-
is in preparation. Also, the survival factor and the off- sion of China, and the State Commission of Science and
diagonal parton distribution function may cause uncertaintie§ echnology of China.
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