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Abstract

We consider exclusive double diffractive events (EDDE) as a powerful tool
to study the picture of the pp interaction. Calculations of the cross-sections
for the process p + p — p + M + p are presented in the convenient form for
further experimental applications. We propose measurements of the diffractive
t-distributions at the LHC. It is shown that important information on the
interaction region could be extracted from the diffractive pattern.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

With the first LHC run coming closer the hopes for confirmation of various theory predictions
get heated. The huge amount of works is related to the search of fundamental particles of the
Standard Model or its extensions (Higgs boson, superpartners, gravitons and so on) and to the
investigations of the so-called hard QCD processes, which correspond to very short spacetime
scales. ‘Soft’ diffractive processes take in this row its own, distinctive place.

LHC Collaborations aimed at working in low and high pr regimes related to typical
undulatory (diffractive) and corpuscular (point-like) behaviours of the corresponding cross-
sections may offer a very exciting possibility of observing an interplay of both regimes [1].
In theory the ‘hard part’ can be (hopefully) treated with perturbative methods whilst the ‘soft’
one is definitely nonperturbative.

Below we give several examples of such an interplay: exclusive particle production by
diffractive scattered protons, i.e. the processes p + p — p + M + p, where + means also
a rapidity gap and M represents a particle or a system of particles consisting of or strongly
coupled to the two-gluon state [2].

These processes are related to the dominant amplitude of exclusive and semi-inclusive
two-gluon production. The driving mechanism of the diffractive processes is the pomeron.
Data on the total cross-sections unambiguously demand for the pomeron with larger-than-one
intercept, thereof the need to take into account the ‘soft’ rescattering (i.e. ‘unitarization’).
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Figure 1. Model for EDDE.

Exclusive double diffractive events (EDDE) gives us unique experimental possibilities
for particle searches and investigations of diffraction itself. This is due to several advantages
of the process: (a) clear signature of the process; (b) possibility of using ‘missing mass
method’ that improve the mass resolution; (c) background is strongly suppressed; (d) spin-
parity analysis of the central system can be done; (e) interesting measurements concerning the
interplay between ‘soft’ and ‘hard’ scales are possible. All these properties can be realized,
for example, in common CMS/TOTEM detector measurements at LHC [3].

In the present paper, we discuss our new results on exclusive two gamma production and
SM Higgs boson production. Also we propose measurements of the diffractive #-distributions
at the LHC.

2. Exclusive double diffraction

The exclusive double diffractive process is related to the dominant amplitude of the exclusive
two-gluon production. Driving mechanism of this process is the pomeron. There are several
models and their modifications for EDDE [4—17]. Most of them are based on two different
approaches for ‘soft’ (Regge-eikonal) and ‘hard’ (parton distributions in pomeron or proton,
resummation of QCD diagrams, quasiclassical methods and so on) parts of the process. In
contrast, we use the modification of the Regge-eikonal method for both parts.

To calculate an amplitude of the EDDE, we use an approach which was considered in
detail in [2]. In the framework of this approach, the amplitude can be sketched as shown in
figure 1. Proton—gluon amplitudes 7} » and proton—proton soft rescattering corrections V are
obtained in the Regge-eikonal approach [1] with three pomeron trajectories:

arp, (1) —1 = (0.0578 £ 0.002) + (0.5596 £ 0.0078)¢,

arp,(t) —1 = (0.1669 £ 0.0012) + (0.2733 £ 0.0056)¢,

arp,(t) —1 = (0.2032 £ 0.0041) + (0.0937 £ 0.0029)¢, (1)
which are the result of 20 parameter fit of the total and differential cross-sections in the
region 0.01 GeV? < |t| < 14 GeV? and 8 GeV< /s < 1800 GeV with x2/d.o.f. = 2.74.
Although x?2/d.o.f. is rather large, the model gives good predictions for the elastic scattering
[1] (especially in the low-7 region), which was not included to the fit. It was also noted in [1]
that this approach may be an artefact of the more general one with Regge cuts or nonlinear

pomeron trajectory. Some attempts to find more universal solution were made in [18]. For 7} »
the model is extended to off-shell particles [19]. As was shown in [20] the main contribution
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Figure 2. The latest data from CDF and predictions for EDDE.

Table 1. Phenomenological parameters of the ‘hard’ pomeron trajectory obtained from the fitting
of the HERA and Tevatron data (see [2, 20]), and data on pp (p p) scattering [1]. The value of the
cgp is obtained by the fit of the latest data from CDF [23], which is depicted in figure 2 with the
range of possible curves. The previous value cg, = 3.5 £ 0.4 [20] is different, but within errors of
the new one.

arpy(0) @ p, (0) (GeV™2) r2, (GeV7?) sk (GeV7TY) Cop

1.2032 £ 0.0041  0.0937 £0.0029  2.4771 £0.0964 2.54+041 32+£05

to the proton—gluon amplitude is given by the third (we call it ‘hard’ in this paper, and this is
not the usual DL one [21]) pomeron.

After the tensor contraction of the amplitudes 77, with the gluon—gluon fusion vertex,
the full ‘bare’ amplitude T), depicted in figure 1 looks like

2 2 bn) s \ @1p;y(0)
TM = ;Cgpe 19 (_W) Fgg—>M1s~ (2)
Here
, s
b= a}p,(0)In (%) + by, 3)
1 rﬁp 2
bo=Z(7+rgp , (4)

with the parameters of the ‘hard’ pomeron trajectory, that appears to be the most relevant in
our case, presented in table 1. By default we use the parameters of table 1 for our calculations.
The last factor on the rhs of (2) is

u? di? 2 2a;p,(0)
I, = —FC )| ——— , 5
/0 I ( M)<s0+12/2) %)

where > = —¢? ~ %, 0 = M/2 and sy = 1 GeV? is a fixed scale parameter of the model
which is also used in the global fitting of the data on pp (p p) scattering for on-shell amplitudes
[1]. If we take into account the emission of virtual ‘soft’ gluons, while prohibiting the real
ones, that could fill rapidity gaps, it results in a Sudakov-like suppression [22]:

,ﬁd 2 2 1-A 1
Pr le(PT)
F, (I, u?) = exp —/ ——/ zP, (z)dz+/ Pye(z)dz |, (6)
P2 P% 2z A s 0 Xq: %
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_ —z1-2)
Pgo(2) = 62(1—_2), (7
_ _pbr
Coprtu ®

The amplitude Fy,_, j is the usual gluon—gluon fusion amplitude calculated perturbatively
in the SM or in its extensions.

The data on total cross-sections unambiguously demand the pomeron with larger-than-one
intercept, thereof the need in unitarization. The amplitude with unitary corrections, T, is
depicted in figure 1. It is given by the following analytical expressions:

1 d? qr d? qr
16ss’ | (2m)? (2m)?
x Ty (p1 — qr, p2 +qr, A, Do)V (s', q7), &)

T}E[nitar(plv P27 Al? Az) = V(S, qT)

V (s, qp) = 4s2m)?8%(qy) + 4s / d2b e 4P eidm-rm _ 1], (10)

where Ajr = Ay — qr — q7, Aor = Ay + qr + g, and the eikonal function 8,,_, ,, can
be found in [1]. The left and right parts of the diagram in figure 1 denoted by V represent
‘soft’ re-scattering effects in the initial and final states, i.e. multi-pomeron exchanges. As was
shown in [24], these ‘outer’ unitary corrections strongly reduce the value of the corresponding
cross-section and change an azimuthal angle dependence.

In equation (2) we only present the Born terms from amplitudes 7} ,. It is sufficient
for |t12] < 1 GeV due to the fast decrease of the differential cross-section in #; 5, and the
contribution of these corrections to the total cross-section are less than several per cents. But
when we consider the diffractive pattern in the region of 1 < |#; 2] < 5 GeV, we have to take
into account rescattering corrections inside the amplitudes 77 ,. In this case /; in equation (2)
changes to the following expression:

u? dlz 5 12 aypy (t)+ay py (12)
I = —F(l _ 1+h(v, 1)+ h(, 1)), 11
s /0 14 ( )<SO+12/2> (I+ A, 1)) +h(v, 1)) (11)
00 _ . n—1
(=t Cep im(ayp,(0) — 1) _
h(v, 1) = _ arpy (0)—1
@, 1) Z:; nl xn (871171(1)) exp 2 v
bi(n—1
X exp [Lm} , (12)
n
l2
_vs_F (13)
M S0+12/2
and b to
by = a;jp, (0)Inv + by. (14)

To calculate the differential and total cross-sections for exclusive processes we can use
the formula

do EDDE

~J.=
2 — ] EDDE dé

—— | = , 15)
sz dy dq)ggﬁM y=0 dcbgg*,M
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Figure 3. ‘Soft’ survival probability S as a function of /s for masses of the central system
10 GeV (solid curve), 50 GeV (dashed) and 200 GeV (dotted).
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7)

where d6/+=0/d®,,_, y is the ‘hard’ exclusive singlet gluon—gluon fusion cross-section and
2 is the so-called soft survival probability. In this work, the quantity L is called g/* g/
luminosity.

The factor S? is depicted in figure 3 for the systems M with quantum numbers 0** (SM
Higgs boson, radion, jet—jet). For other cases it is of the same order and can be calculated
using the Monte Carlo event generator EDDE [25].

3. Results

First of all we would like to discuss some features of the process pp — p+yy + p, since this
process is the standard one to obtain the model parameters. Cross-sections for this process are
presented in figure 4. It is important to note that the cut E7, > E¢ = Mcy/2 is used in the
major part of experimental works, that is why we have to use the same one in our calculations.
But in some theoretical works [26] E7 > E., means another cut M,, > 2E, which leads
to the result, similar to that presented in figure 4(b). In this figure, cross-section for |1, | < 21is
about two times higher than for |1, | < 1. Such a difference is only possible in the kinematics,
when M,,,, > 2E. It follows from rather simple calculations. The total cross-section for the
process gg — y ¥ can be represented as [27]

a;(M vy / 2)2
2
M,
where 9y, is the pseudorapidity cut in the central mass frame of the diphoton system, C,,,, is
the constant,

6;§iOVV(MVVv Nmax) = nyF(nmax) s (18)

Tmax 1, 5 5 2
F (imax) = —— |1+ {1 —=2nthn+ (7" +4n°)(1 +th™n) (19)
—max Ch 77 4
is depicted in figure 5(a). And for the process pp — p + yy + p from (15) we have
VéimaEamaxs A A2 EDDE =0
Gpspryy o (Ecuts ) = /2 ) e PP (MG =S, (M, ) Ay (20)
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Figure 4. Cross-sections for the process pp — p + yy + p for different kinematical cuts. The
solid and dashed curves correspond to the pseudorapidity cuts |1, | < 2 and |, | < 1: (a) Js =
1.8 TeV, CDF cuts for & > [23], and cut on the E7); (b) /s = 1.8 TeV, CDF cuts for & 5 [23],
and cut on the My,; (c) /s = 14 TeV, symmetric cuts 0.0003 < &, < 0.1, and cut on the Ery;
(d) /s = 14 TeV, symmetric cuts 0.0003 < & » < 0.1, and cut on the My,
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Figure 5. (a) Function F (1max); (b) Nmax = 2 (solid curve), nmax = | (dashed), F (Arcch%cm)
(dotted), Ecyt = 5 GeV.

We are interested in the ratio of total cross-sections for different 1. Let us consider
first the kinematics with cuts

Myy > 2Eu, |le| < Nmax- 2D

In this case,

Upp—>p+yy+p(M > 2Ecuta |Tl| < 2) ~ F(Z) ~
O‘pp*)p+}/]/+p(M > 2Ecut7 |77| < 1) F(l)

1.7. (22)
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Table 2. Rates for the exclusive Higgs production and different backgrounds at the integrated
luminosity 100 fb~! and AMissing = 4 GeV. The probability to misidentify gluon jets with b-jets
is taken to be 1%.

N events N events N events
Process Cop =32 cgp=27T cgp=3T7
oEPPE(H 5 bb) 15 7 27
oS (H — bb) 1 0 2
o EPPE (pp) 7 3 12
o EPPE (bhg) 1 0 1
o EPPE (gg) 5 107 8 4 14
o EPPE (gog) % 1074 1 0 2
Signal/Background 0.83 1 0.87

Since in the central mass frame of the diphoton system we have M,, = 2E7, chn,, in the
kinematics with

M,y
ETy = ZChT) > Ecy, |ny| < Mmax (23)
%
we have additional cut
My,
In,| < Arcch2 , 24)

cut

and we should use F (min [pmax, Arcch 2"2”[]) instead of F (1)max) in (18). This new function

is shown in figure 5(b). The main contribution to the integral comes from small masses due to
fast decrease in M, but in this region we have the same cut |n| < Arcch% for different 1,x.
And it is easy to get the following result:

UPP—>p+yy+p(ET > Eeys 1] < 2) ~
UPP—>P+yy+p(ET > Eeus 7l < 1)

for E.=5GeV. (25)

Even if we take iy = const and LEPPE = const, we will get the ratio 1.3, and not ~2 as in
[26]. This simple example shows that we should be careful with the kinematics during our
calculations, since this could lead to different predictions. Now we can compare our result
with the latest data on the exclusive y y production from CDF [28]:

O ppos pryyip(ETy > 5GeV, |n,| < 2) = 0.14*% 1 (stat.) & 0.03(syst.) pb. (26)

This prediction is higher than our calculations based on the di-jet production [23]. If we believe
in this result, the model parameter c,), is at least 20% higher than our estimations. The possible
reason is that in yy production we use the region of small masses for the normalization of
our parameter (and higher masses for the di-jet production), but the uncertainty in the scale
dependence of the cross-section is rather large (factor ~2). This result from CDF may serve as
a good signal for the future exclusive Higgs boson production, since it makes the cross-section
higher by about two times.

Now we can estimate the backgrounds for the exclusive Higgs production at LHC [2].
Rates for these processes at the integrated luminosity 100 fb~! are summarized in table 2 (to
estimate uncertainties of the prediction based on [23], we obtainresults for cg, = 3.2,2.7, 3.7).
From this table, we can obtain the signal-to-background ratio ~1. More exact estimations will
be made in the nearest future after full Monte Carlo simulations.
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4. Diffractive patterns

In the general agenda of the LHC experiment diffraction often appears as an ‘auxiliary tool’
for other processes such as Higgs boson and exotics searches, background suppression and so
on. Nevertheless, diffractive measurements have their own classical tasks directly related to
the angular (or ¢) distributions.

The diffractive pattern is usually characterized by the peak at small values of 7, and
complicated structure with dips or breaks and bumps for larger ¢ [1]. This picture reflects the
undulatory properties of quantum processes in contrast to more habitual particle-like behaviour
and allows us to get an information about the size and shape of the strong interaction region
at large distances (i.e. directly related to confinement of the QCD colour fields).

e From the diffractive pattern we extract model-independent parameters of the interaction
region such as the r-slope which is R?/2, with R being the transverse radius of the
interaction region.

e We can also estimate the longitudinal size of the interaction region [29]:

Ax, > s 27)
2V (1) — (1)?
The longitudinal interaction range is somehow ‘hidden’ in the amplitude but it is this
range that is responsible for the ‘absorption strength’. A rough analogue is the known
expression for the radiation absorption in media which critically depends on the thickness
of the absorber.
e The very presence of dips is the signal of the quantum interference of hadronic waves.
e The depth of dips is determined by the real part of the scattering amplitude.

According to the data from SppS and Tevatron the transverse radius of the interaction
region is of the order of 1.2 fm =~ 1.5(rey). The longitudinal size can be estimated from the
second inequality (27). For example, for the e?” distribution with the slope B ~ 4,

By/s -
Axp > T ~ 28000GeV™" ~ 5600 fm. (28)

The diffractive pattern moves due to changes in kinematical parameters such as the energy
of the interaction or an additional hard scale. This motion reflects the dynamics of the process.
The increase of the #-slope with energy reflects the growth of the interaction radius. At fixed
collision energy the diffractive pattern is fixed as well.

However if we have in our disposal an additional hard scale we can operate the diffractive
pattern adjusting this hard scale at our will and making, e.g., the interaction region larger or
smaller.

Hard scale is related to small distances and, from the simple optical point of view, the
pattern should move towards large values of —¢ with the increase of the hard scale. HERA
provides an excellent opportunity to observe the influence of a hard scale (Q?) on the diffractive
pattern: the slope decreases with Q? in exclusive vector meson or photon production or for
mesons containing heavy quarks (J/W) as contrasted to those composed of the light quarks
(see figure 6) [30].

The decrease of the slope with Q2 in electroproduction was predicted qualitatively in
[31]: J D Bjorken argued that the decrease of the slope would be bounded from below by the
size of nucleon [32]. The latter feature seems to be violated in the HERA data [33], but could
also be interpreted by the fact that the gluonic core has the size 0.65 + 0.02 fm and sits well
inside the electromagnetic radius of the proton. We have to mention that the presence of a
high-mass particle in the final state does not always lead to the phenomena described above.
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Figure 7. Normalized cross-section for exclusive di-jet production as a function of 7 for Mx =
30 GeV (the solid and long-dashed curves correspond to the LHC and TEVATRON energies,
respectively) and Mx = 200 GeV (the dotted and short-dashed curves correspond to the LHC
and TEVATRON energies, respectively). The left curve corresponds to the elastic scattering at the
LHC.

For example, hadronic resonances with large masses have large size due to intrinsic motion of
constituents, and cannot be considered as a hard probe. In this case, we have inverse dynamics
of the pattern [34]. This certainly is not the case for the processes considered below as they
are related exclusively to short-distance probes, i.e. ‘high mass’ means always ‘high E1’.
The diffractive pattern for the process p + p — p + jj + p as predicted on the basis of
[2] is displayed in figure 7 where %‘é—‘l’ means the exclusive differential cross-section with all
final variables integrated except one of the proton transverse momenta (—¢) and the value of

the central mass (M =~ 2Eyr). With two exclusive high-Er jets the expected dips will reflect

9
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Table 3. Rates for exclusive and semi-inclusive (|nsoft| < 5) double diffractive di-jet production
for luminosity 10°> cm=2 s~! for different intervals of the invariant mass of the central system,
My . Effective t-slopes are calculated in the model developed in this paper.

M| < Mx <M, (GeV)  t-slope (GeV™2) Nex Nsemi-incl.
29 < My <31 4.64 4032 2 x 10* per day 6 x 10* per day
98< My < 102 431+ 0.31 9 x 10° permonth 4.5 x 10* per month
196< My < 204 4.124+0.31 5.5 x 103 per year 4 x 10* per year

the elastic scattering of the protons off the hard gluon. Their positions are shifted to the right
in comparison with the proton—proton elastic scattering, as depicted in figure 7. Such a shift
is a clear signal of the short-distance scale due to jets.

Measurements of r-distributions and their dynamics in the exclusive central diffraction
could be used for the proposed investigations. To obtain the detailed diffractive pattern with
dips for 1 GeV? < —t < 5 GeV? we need at least 10* events for fixed (or falling within the
small enough range of values) masses of the central system and #-resolution less than 10%
in this region. At high luminosities the use of the missing mass method is limited below
by central masses above 30 GeV because of the acceptance limitations and the absence of
resonances with high rates in this region. That is why the only way is to use exclusive or
semi-inclusive (exclusive+‘soft’ radiation in the central rapidity region) di-jet production. The
best case is the measurements at the nominal luminosity at * = 0.5. Results are summarized
in table 3.

5. Summary and conclusions

In this work we consider the exclusive double diffractive production p+p — p+M + p, where
M is the particle or system of particles. The cross-section for this process was calculated in
the Regge-eikonal approach plus SM process of the gluon—gluon fusion.

The first part of the paper is devoted to our new results on gamma—gamma production,
taking into account different kinematical cuts. It was shown that we should be careful with
the kinematics since this could lead to wrong predictions. Also two and three jet backgrounds
were calculated for the Higgs production (in the bb mode) with the signal-to-background ratio
~1. The main parameter cg, of the model is normalized to the new data from CDF. The
data on exclusive gamma—gamma production from CDF show that the cross-section for Higgs
boson production may be two times higher than predicted.

In the second part, we have proposed interesting measurements of -distributions in
the exclusive di-jet production at the LHC. The rate of di-jet production is large enough
to obtain the diffractive pattern (with one dip around + = —2.5 GeV?) in the region
0.01 GeV? < |t| < 5 GeV?. From this pattern, we can obtain the transverse and longitudinal
sizes of the interaction region and the ratio of real to imaginary parts of the amplitude.
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