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Survival probability of large rapidity gaps in Ep, pp, vp, and yy collisions
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Using an eikonal analysis, we simultaneously fit a QCD-inspired parametrization of all accelerator data on
forward proton-proton and antiproton-proton scattering amplitutiegether with cosmic ray data(using
Glauber theory; to predict proton-air and proton-proton cross sections at energies/se@0 TeV. Thep-air
cosmic ray measurements greatly reduce the errors in the high energy proton-proton and proton-air cross
section predictions—in turn, greatly reducing the errors in the fit parameters. From this analysis, we can then
compute the survival probability of rapidity gaps in high eneﬁyandpp collisions, with high accuracy in
a quasi-model-free environment. Using an additive quark model and vector meson dominance, we note that the
survival probabilities are identical, at tteameenergy, foryp and yvy collisions, as well as for nucleon-
nucleon collisions. Significantly, our analysis finds large values for gap survival probabifit&3% at/s
=200 GeV,~21% at\s=1.8 TeV and~13% at\s=14 TeV.
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Rapidity gaps are an important tool in new-signatureand the nuclear slope paramelefs given by
physics for ultrahigh energgp collisions. In this paper, we

will use an eikonal model to make a reliable calculation of f b2a(b,s) d?b
the survival probability of rapidity gaps in nucleon-nucleon _
e B= : (6)
collisions. -
In an eikonal mode]2], we define oufcompley eikonal 2| a(b,s)d%
x(b,s) so thata(b,s), the (complex scattering amplitude in
impact parameter spadg is given by It is readily shown, from unitarity and Ed4), that the

differential probability in impact parameter spagefor not
a(b,s)= %(1_eix(b’s)): 'E(l_e—m(b,s)ﬂxR(b,s)). 0 having an inelastic interaction, is given by

Pho inelastic e~ 2x(bs), (7)

Using the optical theorem, the total cross sectiggy(s) is

given by For performing the calculations in this paper, a description of

the forward proton-proton and proton-antiproton scattering
amplitudes is required which is analytic, unitary, satisfies
Utot(s)ZZJ [1—e n(®cog yr(b,s))] d?b, (2)  crossing symmetry and the Froissart bound. A convenient
parametrization consistent with high-energy data can be con-
structed in a model where the asymptotic nucleon becomes a
black disk as a reflection of particlget) production. The
increase of the total cross section is the shadow of jet-
0e|astic(5)=f |1—e (B9 +ixr(:9)|2 42 (3)  production which is parametrized in parton language. The
picture does not reproduce the lower energy data which we
simply parametrize using Regge phenomenology. The even
QCD-inspired eikonakeyvenis thus given by the sum of three
contributions, gluon-gluon, quark-gluon and quark-quark,
Uinelastic(S):a'tot(s)_a'elastit(s):f [1—e 2097 g2, which are individually factorizable into a product of a cross
sectiono(s) times an impact parameter space distribution
@ functionW(b: ), i.e.,

the elastic scattering cross sectiop(s) is given by

and the inelastic cross sectian,qasid ), IS given by

The ratio of the real to the imaginary part of the forward X2'°18,0) = xgo( S,D) + Xqg($,0) + Xao( S,D)
nuclear scattering amplitudg, is given by
=i [Ugg(s)w(b ;Mgg) + Uqg(S)W(b ; \/#qqﬂvgg)

Re{i f (1—e X9 +ixg(bs)) d25] + o WD ; p1gg)], ®)
p(s)= 5 : R o
imli | (1= e 009 +ixa®9y 425 where the impact parameter space distribution function is the
(1-e ) convolution of a pair of dipole form factors:
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Eq. (8) have the dimensions of a cross section. The fadr
inserted in Eq.8) since the high energy eikonal is largely
imaginary (the p value for nucleon-nucleon scattering is
rather smal)l. The total even contribution is not yet analytic.
For larges, the even amplitude in E@8) is made analytic by
the substitution(see the table on p. 580 of RdB], along 60
with Ref. [4]) s—se ™2 The quark contributionyq(s,b) 40
accounts for the constant cross section and a Regge descen 2o
ing component ¢1/,/s), whereas the mixed quark-gluon e 4 uewas o owoiseess e oouceewe o ywenod
term xq(s,b) simulates diffraction ¢logs). The gluon- el it 10" ot L
gluon termyg(s,b), which eventually rises as a power law Vs, in GeV
sf, accounts fqr the rising cross section _anq dpmlnates at the FIG. 1. The fittedo,, and o7, , in mb vs. Js, in GeV, for the
highest energies. In E@8), the inverse sizeén impact pa- L . —

. . QCD-inspired fit of total cross sectioB,andp for bothpp andpp.
rarr]n eter st[;aoe,u qqkarlld Mgy Ar€ to .be f't tb 3{( eri(/wm’ The accelerator datésquares ar@p and circles arepp) and the
whereas the quark-giuon INVErse SIze IS takem Aggttgq cosmic ray pointgdiamond, Fly’s Eye and triangles, AGASAave

FOEI_E]OLPT (:]eta”’ see ReFZt] dd litudeTfor its struct been fitted simultaneously. The cosmic ray data that are shown have
e high energy analytiodd amplitude[for its structure been converted from ™

-t .
in s, see Eq(5.5b) of Ref.[3], with «=0.5] that fits the data prair (0 Tpp

140

120

o, in mb.

100

o

is given by
Our method fits the proportionality constagtwhile simul-
X?dd(b,s)z — 0oddV(b; todd) » (10 taneously providing the relationship & vs. o, at ultra-
. ] high energies needed to converf_%'ir to oy, (for a more
with oog¢< 1S, and with complete explanation, see Rg®)).
2 Because our parametrization is both unitary and analytic,
W(brﬂodd):%j(ﬂodcp)aKB(Modcp)v (11  its high energy predictions are effectively model indepen-

dent, if you require that the proton is asymptotically a black
disk. Using vector meson dominance and the additive quark
model, we find further support for our QCD fit—it accom-

modates a wealth of data on photon-proton and photon-

normalized so thaf W(b ; uoqd d2b=1. Hence, therygq in
Eg. (10) has the dimensions of a cross section. Finally,

o N photon interactions without the introduction of new param-
Xpp™ Xeven— Xodd- (12) eters[2]. A major difference between the present result, in
We have thus constructed a QCD-inspired parametrizawhiCh we simultaneously fit .the c'osmic ray and accelerator
tion of the forward proton-proton and proton-antiproton scat-data’ and our gar!lgr resu] n which only accelerator Qata
tering amplitudes[5] which fits all accelerator dati] for are used, is a|gnlflcantrgdyctlon(about a factor of 2.6in
o, NUClear slope paramet8randp, the ratio of the real- the error of our prediction £1.5%) for oy, at Vs

to_imaginary part of the forward Scattering amp”tude for:30 TeV, which results from |arge error reductions in our

both pp andpp collisions; see Fig. 1 and Fig. 2. In addition, fit parameters. ) ) )

the high energy cosmic ray cross sections of Fly’s Eyé The plot ofop,, vs. s, including the cosmic ray data that

and AGASA [8] experiments are also simultaneously usedhave been converted fromy$, to oy, is shown in Fig. 1.

[9]. In order to extractr,,, from the actual cosmic ray mea- Clearly, we have an excellent fit, with good agreement be-

surements, two things are necessary: tween AGASA and Fly’'s Eye. The overall agreement be-
(1) a model of proton-air interactions to complete the looptween the accelerator and the cosmic gy cross sections

between theneasuredattenuation length ,, and the proton-  with our QCD-inspired fit, as shown in Fig. 1, is striking.

air cross sectionrg‘_iir, i.e., the value of the proportionality As an example of a large rapidity gap process, we con-

constantk, in sider the production cross section for Higgs-boson produc-
tion throughW fusion. The inclusive differential cross sec-
Am:k)\p-air:k—l4;r?‘np_ tion in impact parameter spack is given by do/d?b
gp_g'ir =oww_rnW(b;uq), where we have assumed that

W(b;uqq (the differential impact parameter spageark

(2) a simultaneous relation betwe@and o, at very distribution in the protopis the same as that of the/
high energies—well above the region currently accessed blgosons.

accelerators, in order to extract, via the Glauber method, the The cross section for producing the Higgs bosod hav-

pp total cross sectiowrp, . ing a large rapidity gagno secondary particless given by
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FIG. 2. The fitted values for the nuclear slope

parameterd,, and By, in (GeVic) "2 vs. \s,

in GeV, for the QCD-inspired fit are shown in

(@. In (b), the fitted values fop,, and p,, are
shown.

which is the differential probability density in impact param-
eter spaceé for no subsequent interactiorthe exponential

(o}
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%:U W(b;u )e_ZX'(S'b)=0' LSF)
d26 WW—H [ ado[o} WW—H d 62 .
13

In Eqg. (13) we have used Eq(4) to get the exponen-

suppression factor of Eq7)] multiplied by the quark prob-
ability distribution inb space. It should perhaps be empha-
sized that Eq(14) is the probability ofsurvival of a large
rapidity gap andnot the probability for the production and

tial suppression factor, and have used the normalized imsurvival of large rapidity gaps, which is the quantity ob-

pact parameter space distributionNV(b ;,uqq)=(,u§q/
9677)(;qub)3K3(qub), with  uqq=0.901=0.005 GeV,
whose error comes from the fitting routifi@).

We now generalize and defif¢S|?), the survival prob-
ability of any large rapidity gap, as

<|5|2>=f W(b; pgqe 24(P)d2 b, 14

served experimentally. We note that the energy dependence
of the survival probability(|S|?) is through the energy de-
pendence ofy,, the imaginary part of the eikonal.

For illustration, we show in Fig3 a plot of Imy,,, and the
exponential damping factor of E¢l4), as a function of the
impact parametel, at 's=1.8 TeV. The results of numeri-
cal integration of Eq(14) for the survival probability S?) at
various c.m.s. energies are summarized in Table I.

As emphasized earlier, the errors({i$|) are quite small,
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o L e A A and
—  exp(-2*Im ) Y =i 4 -3
______ M Xpbar-p X77(s,b)=i §a'gg(S)W b'i Mgg
2l ] 4 3
% + 3 0ad SIW| b 5V kqetgq
=
E 4 3
1t + §qu(S)W b; E,U/qq . (16)
It can be showr|{1] by an appropriate change of variables
that
0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

. 3 _o, P b -
b, in (GeV/c)" <|Syp|2>=f W(b,\[i,uqq)e 247 (sPg2ph  (17)

FIG. 3. A plot of the eikonal Iny and the exponential damping where x?P(s,b) is given by Eq.(15), and
factor e 2*'™ for pp collisions, at\s=1.8 TeV vs the impact
arameteb, in (GeV/ic) 1. 3 .
P (cevio (|72 = f W( b ;zﬂqq) e =0d%b, (18
due to the fitting parameter errors being very small when we
getermine the eikonal using both acceleratod cosmic ray  wherey?7(s,b) is given by Eq.(16), areboth equal to
ata.
Further, we find for the quark component that the mean 2 _ 2,2 ) 42
squared radius of the quarks in the nuclegi®,), is giv- (Is™ >:J W(b;ugge = 2d7b (19
en by (RA)=[b?W(b;uqq) d?b=16/u’,=19.70 GeV 2. o
Thus, b,e, the r.m.s. impact parameter radius is given bywhere x***Is,b) is given by Eq.(8). Thus, we have the
bims=4/pqq=4.44 GeV . Inspection of Fig. 31.8 Te\) at  Interesting result that
b,ms Shows a sizable probability for no interactiom ¢*1) at P2\ _ 2N/l ann2
that typical impact parameter value. (IS7°15) =S5 =(IS"T%). (20
In Ref.[2], using the additive quark model, we show that

the eikonaly?? for yp reactions is found by substituting Neglecting the small differences at low energy betwpen

) \/; _ eve _ andpp collisions, we see from Eq20) that{|S|?), the sur-
—350, p—\;zu into x***(s,b), given by Eq.(8). '? W, yival probability for either nucleon-nucleoryp and yy col-
x77 for yy reactions is found by substituting—30, « |isions, isreaction-independentdependingonly on s, the
—>\/§,u into x”P(s,b). Thus, cms energy of the collision. We show in Rél] that this

) 3 result is true forany factorization scheme where the eikonal
. ) factorizes into sums obr;(s) X W,(b;u), with the scaling

X”’(s,b)z{gagg(s)w(b ’ \/;%9) feature that the produat;u? is reaction-independent—not

only for the additive quark model that we have employed

2 \/§ — here. The energy dependence of the large rapidity gap sur-
* §Uqg(s)w< b 2 qu,ugg) vival probability (|S|?) calculated from Eq(19) is given in
Fig. 4.
2 /3 This somewhat surprising result can be more readily un-
+ §0'qq(S)W< b; \/;,u,qq
TABLE I. The survival probability{|S|?), in %, forEp andpp collisions, as a function of c.m.s. energy.

' (15 derstood once one realizes that the survival probability is a

Survival Survival
c.m.s. energy probability (pp), probability (pp),

(GeV) in % in %
63 37.0:0.9 37.5-0.9
546 26.7-0.5 26.8-0.5
630 26.0-0.5 26.0:0.5
1800 20.8-0.3 20.8-0.3
14000 12.6-0.06 12.6-0.06
40000 9.7:0.07 9.7-0.07
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045 ' ' ' We have been able to calculate the survival probability
(|S|?) to a high degree of accuracy by using an eikonal that
has been found by fitting both accelerator and cosmic ray
data over a very large energy range which includes the LHC
energy. Our numerical results are considerably larger than
other calculation$10—12. In the case of Ref.10] and Ref.
[12] it is probably due to their using a Gaussian probability
distribution in impact parameter space, whereas our distribu-
tion, W(b,,uqq)z(,ugql%q-r)(,uqu)3 K3(mqqb) Which is the
Fourier transform of the square of a dipole distribution, has a
long exponential taie~#P, significantly increasing the prob-
ability of survival. In the case of Refl1], the authors de-
: termine the parameters for their minijet model using only the
000 e T T e 10000 Tevatron results. Our large values are more in line with the
Vs, in GeV earlier predictions of Gotsmaset al. [13] for what they
called Regge and Lipatovl and Lipatov2 models, although
FIG. 4. The energy dependence(¢8|®), the large rapidity gap  with somewhat different energy dependences than that
survival probability vsys, in GeV. shown in Table I. The color evaporation model obdf
et al.[14] gives somewhat larger values than our calculation,
function of the product-u” and the dimensionless variable pyt again with a different energy dependence. Most recently,
X= uqgp. This is most simply seen in a toy model in which Khozeet al. [15], using a two-channel eikonal, have calcu-

<ISP> (gap survival probability)

0.05 ]

the even eikonal is given by lated the survival probabilities for rapidity gaps in single,
eve _ . central and double diffractive processes at several energies,
XE18,D) oy = ToqWW(Di tgq) as a function ob, the slope of the Pomeron-proton vertex.
) (/.qub)SKs(,quqb) For double dlffract|qn, they have a Izarge range of' possible
= Oqggtqq 96 parameters. Choosingb2=5.5 GeV ~ (corresponding to
the slope of the electromagnetic proton form fagtdhey
,  X3K3(x) obtain (|S|?)=0.26, 0.21 and 0.15 afs=0.54, 1.8 and 14
ZququXW, (21 TeV, respectively. These survival probabilities are in excel-
lent agreement with our values given in Table I. However,
and hence, their calculations for other choices ob2and for single and

central diffractive processes do not agree with ours, being
model-dependent, with their results varying considerably
with their choice of parameters and model.

We see that there is a serious model dependence, both in
In our schemarqq,ugq is the same for nucleon-nucleomp  the size of the survival probabilities and in their energy de-
and yy interactions, since cross sections are multiplied bypendence. Further, until now, there have been no estimates

\/g and? for yp and yy, respectively, wherea,&gq is gi-  for gap survival probabilities foyp andy+y reactions. Thus,

vided by \273. Althoughx is different for the 3 processes— W€ hope that our quasi model-independent fit to experimen-
being 1u¢b for nucleon-nucleon; %,uqu for yp and%,uqu tal data onpp and pp total cross sectionsy values and

for yy—it only plays the role of an integration variable and nuclear slopes, over a large energy ranges=15 GeV to

therefore the dependence on the subprocess label disappea?’r(s)’.o.00 GeV, provides a rellable quantitative estimate of the

We see from Eq(22) that S:S((qu,uﬁq), which is process- sufvival probability(|S|_2)_ as a function of energy,_for both
independentThis argument is easily generalized to the full PP PP, ¥P andyy collisions. The fact that our estimates of
eikonals of Eq(8), Eq. (15) and Eq.(16). Iarge. rapidity gap survival probabilities are independent of
The physics is now clear. One could be tempted to conf€action, thus being equal for nucleon-nuclegp, and yy
clude that the survival probability is larger fap than for processes—the equality surviving any partu_:ular factoriza-
pp interactions because there are only 2 quarks in the photoliﬁon scheme—has many interesting experimental conse-
and 3 in the proton to produce additional inelastic collisionsd4€"Nces:
filing the gap. And that is true and it is reflected by the
factor 2/3 change in the cross section. This is not the whole This work was supported in part by Department of Energy
story, however. In the eikonal model, the inverse transvers@nder Contract No. DA-AC02-76-Er02289 Task D, Grant
size of the 2-quark systefiphoton) is larger than that of the No. DE-FG02-95ER40896, and the University of Wisconsin

1 .
(15™oy = g5 e 2 KAIITZ (22

proton (the $ u5, facton and the two effects compensate. Research Committee with funds granted by the Wisconsin
Therefore, we have the sanis|?) for all processes. Alumni Research Foundation.
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