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Abstract We discuss the possibility of measuring leading
neutron production at the LHC. These data could be used to
extract from it π+p and π+π+ cross sections. In this note
we give some estimates for the case of elastic cross sections
and discuss related problems and prospects.

1 Introduction

In a recent paper [1] we pushed forward the idea of using
the Zero Degree Calorimeters, ZDCs, designed for differ-
ent uses at several of the LHC collaborations, to extract the
total cross section of the processes πp → X and ππ → X

at energies about 1–5 TeV. This would allow us to use the
LHC as a πp and ππ collider. In [1] there was also men-
tioned possible measurements of the elastic πp and ππ scat-
tering. The physics motivation for extending this program
to elastic scattering is very clear since the total and elastic
cross sections are so tightly interrelated (e.g., via unitarity)
that any testing of various models of high-energy hadron in-
teractions is of little informative use without both of them
(Fig. 1).

We would like also to remind to the reader an idea of
universality of strong interactions at superhigh energies, in
the sense that any ratio of two total or elastic cross sec-
tions will asymptotically approach 1 independently of initial
states (Fig. 2a). How close we are to reaching the asymptotic
regime, asymptopia, can be tested when looking at the ratio
of elastic to total cross sections. Most of theories predict it to
be 1/2 [2–6] (Fig. 2b), though there are some theories which
predict it to be equal to 1 [9, 10] (Fig. 2c). Sure, this can and
will be done. The TOTEM experiment has been designed to
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measure this ratio but any information about such a feature
for the interaction of the lightest hadrons is impossible to
overestimate.

There are many other questions to be asked. For instance,
how different are the interaction radii in pp, πp and ππ

high-energy collisions? The properties of the interaction re-
gion could be obtained from diffractive patterns, which are
different for these processes at the same energy (Fig. 3). It
would be interesting to know the dependence of these inter-
actions on the very different quark–gluon content of collid-
ing particles etc. If it will be possible to provide such a mar-
vellous opportunity as access to the data on πp and ππ TeV-
energy interactions all the landscape of the “soft physics”
will be transformed to the better. In what follows we present
our estimates on the possibility to extract πp and ππ elastic
cross sections using CMS as an example. Just before send-
ing this article to arxiv a paper on the four-body reaction
pp → nnπ+π+ at the LHC was placed there. However, the
authors of [11] do not estimate possibilities for extraction of
the ππ elastic cross section.

2 Exclusive single-pion exchange

The diagram of the exclusive single-pion exchange (SπE)
process p + p → n + π+ + p is presented in Fig. 4a. The
momenta are p1, p2, pn, p′

π , p′
2 respectively. In the center-

of-mass frame these can be represented as follows (boldface
letters denote transverse momenta):
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Fig. 1 (a) Total pp cross
sections in the energy range
0.5 TeV <

√
s < 15 TeV for

parametrizations [2] (solid), [3]
(dashed), [4] (dotted) and [5, 6]
(dash-dotted). Data points are
taken from [7]; (b) evolution of
the diffractive pattern in the pp

scattering for
√

s = 1 → 20 TeV
(from right to left) for
parametrizations from [4]
(solid) and [8] (dashed)

Fig. 2 (a) Ratio of π+p to pp total cross sections for COMPETE [3] parametrization; (b) ratio of elastic to total cross sections for pp, π+p and
π+π+ processes for parametrizations [4] (solid) and [5, 6] (dashed); (c) ratio of proton–proton elastic to total cross sections in [9, 10]

Fig. 3 Evolution of diffractive
pattern for pp (solid), π+p

(dashed) and π+π+ (dotted)
elastic processes at
(a)

√
s = 5 TeV and

(b)
√

s = 14 TeV for the
parametrization from the
Appendix B

pπ = p1 − pn, p′
π = p2 + pπ − p′

2, (4)

M2 = (pπ + p2)
2 = (p′

π + p′
2)

2, (5)

ξ � M2

s
, ξp � m2

π + k2

ξs
, (6)
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2 = p2
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p

1 − ξ
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. (8)

As an approximation for π exchange we use the formula
shown graphically in Fig. 5a. If we take into account absorp-
tive corrections this formula can be rewritten as

dσX,SπE

dξ dt dΦX

=
G2

π+pn

16π2

−t

(t − m2
π )2

F 2(t)ξ1−2απ (t)

× dσX,π+p(ξs)

dΦX

S(s/s0, ξ, t), (9)

where ΦX is the phase space for the system X produced
in the π+p scattering, the pion trajectory is απ(t) =
α′

π (t − m2
π ). The slope α′ � 0.9 GeV−2, ξ = 1 − xL,
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Fig. 4 Diagrams for the exclusive signal and background processes
in leading neutrons production (initial rescattering corrections are not
shown). (a) Signal for the elastic π+p scattering: process with an ex-
clusive single-pion exchange (SπE) p + p → n + π+ + p, M is the
mass of the π+p system; (b) background for the elastic π+p scat-
tering: low mass single dissociation with pomeron and reggeon ex-
changes; (c) signal for the elastic π+π+ scattering: process with an
exclusive double pion exchange (DπE) p +p → n+π+ +π+ +n, M

is the mass of the π+π+ system; (d) background for the elastic π+π+
scattering: SπE with single low mass dissociation in the π+p chan-
nel; (e) background for the elastic π+π+ scattering: low mass double
dissociation with pomeron and reggeon exchanges

Fig. 5 Amplitudes squared and cross sections of the processes:
(a) p + p → n + X (SπE), (b) p + p → n + X + n (DπE). S rep-
resents soft rescattering corrections. In this note X = π+ + p (elastic
SπE) and X = π+ + π+ (elastic DπE)

were xL is the fraction of the initial proton’s longitudi-
nal momentum carried by the neutron, and G2

π0pp
/(4π) =

G2
π+pn

/(8π) = 13.75 [12, 13]. The form factor F(t) is usu-
ally expressed as an exponential:

F(t) = exp(bt), (10)

where, from recent data [14, 15], we expect b � 0.3 GeV−2.
We are interested in the kinematical range

0.01 GeV2 < |t | < 0.5 GeV2, ξ < 0.4, (11)

where formula (9) dominates according to [16] and [17].
At high energies we can use any adequate parametriza-
tions of different π+p cross sections. Here we replace

dσX,π+p/dΦX in (9) by dσel,π+p/dtp (or integrated
σel,π+p) instead of σtot,π+p in [1].

The suppression factor S arises from absorptive correc-
tions [18]. We estimate absorption in the initial state for in-
clusive reactions and for both initial and final states in ex-
clusive exchanges. For this task we use our model with three
pomeron trajectories [8]:

αIP1(t) − 1

= (0.0578 ± 0.002) + (0.5596 ± 0.0078)t,

αIP2(t) − 1

= (0.1669 ± 0.0012) + (0.2733 ± 0.0056)t,

αIP3(t) − 1

= (0.2032 ± 0.0041) + (0.0937 ± 0.0029)t.

(12)

These trajectories are the result of a 20 parameter fit of the
total and differential cross sections in the region

0.01 GeV2 < |t | < 14 GeV2,

8 GeV <
√

s < 1800 GeV.

Although the χ2/d.o.f. = 2.74 is rather large, the model
gives good predictions for the elastic scattering (especially
in the low-t region with χ2/d.o.f. ∼ 1).

We use the procedure described in [19, 20] to estimate
the absorptive corrections. With an effective factorized form
of the expression (13) used for convenience, we obtain

dσel,SπE(s/s0, ξ,q2)

dξ dq2 dtp

= (
m2

pξ2 + q2)∣∣ΦB

(
ξ,q2)∣∣2

× ξ

(1 − ξ)2

dσel,π+p(ξs)

dtp
S
(
s/s0, ξ,q2), (13)

S = m2
pξ2|Φ0(s/s0, ξ,q2)|2 + q2|Φs(s/s0, ξ,q2)|2

(m2
pξ2 + q2)|ΦB(ξ,q2)|2 . (14)

The functions Φ0 and Φs arise from different spin contribu-
tions to the amplitude

Ap→n = 1√
1 − ξ

Ψ̄n

(
mpξσ̂3 · Φ0 + qσ̂ · Φs

)
Ψp (15)

and both are equal to ΦB in the Born approximation. Here
σ̂i are Pauli matrices and Ψ̄n, Ψp are neutron and proton
spinors. Functions Φ0,s,B are given in Appendix A. For the
π+p elastic cross sections we use parametrizations from [4]
and [5, 6], which are described in Appendices B and C re-
spectively.

The differential cross sections for the process p + p →
n+π+ +p at

√
s = 10 TeV are depicted in Fig. 6. The total
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Fig. 6 Integrated cross sections
of the SπE process
p + p → n + π+ + p for
parametrizations from
Appendices B (solid) and C
(dashed). (a) dσ

dξ

(0.01 GeV2 < |t | < 0.5 GeV2);
(b) dσ

dt
, 10−3 < ξ < 0.3

Table 1 Total p + p → n + π+ + p cross sections in the kinematical
region 0 < |q| < 0.5 GeV, ξmin = 10−3 < ξ < ξmax for two parame-
trizations given in Appendices B (C)

ξmax 0.1 0.2 0.3 0.4

σ , µb 37.5 (39) 128 (132) 208 (214) 259 (266)

cross sections are listed in Table 1. They are in the range
8–270 µb for all values of ξmax < 0.4 implying that we will
have plenty of rate for the measurements.

At low energies (
√

s < 70 GeV) the region of applicabil-
ity of our model is given by the inequalities (11). At higher
energies this region may be smaller (say ξ < 0.2), since this
corresponds to masses M = 4.5 TeV at

√
s = 10 TeV, and

for larger masses the approach may break down.

3 Exclusive double pion exchange

As noted above, the Double pion Exchange (DπE) process
can give information on both total and elastic ππ cross sec-
tions. ππ cross sections have been extracted in the past us-
ing the exclusive cross section [21]. The results are shown
in Fig. 7. There is some tendency for an early flattening of
the ππ cross sections. In πp and pp cross sections this
flattening begins at higher energies and precedes further
growth.

We can extend the analysis for one pion exchange de-
scribed above to double pion exchange (Fig. 5b, DπE).

The kinematics of the exclusive DπE (p + p → n + π+ +
π+ +n, the momenta are p1, p2, pn1 , p′

π1
, p′

π2
, pn2 respec-

tively) is similar to the exclusive double pomeron exchange
process:

pπi
�
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2
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)
,
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The cross section can be evaluated as follows:

dσX,DπE

dξ1 dξ2 dt1 dt2 dΦX

=
2∏

i=1

[
G2

π+pn

16π2

−ti

(ti − m2
π )2

F 2(ti)ξ
1−2απ (ti )
i

]

× dσX,π+π+(ξ1ξ2s)

dΦX

S2
(
s/s0, {ξi}, {ti}

)
. (19)

For the π+π+ elastic scattering we get

dσel,DπE(s/s0, {ξi}, {q2
i })

dξ1 dξ2 dq2
1 dq2

2 dtππ

Fig. 7 Elastic and total cross
sections for π−π+ and π−π−
scattering from the data on
exclusive reactions as a function
of the dipion invariant mass
(Fig. 5 from [21])
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Fig. 8 Partially integrated cross
sections of the DπE process
p + p → n + π+ + π+ + n at√

s = 10 TeV for para-
metrizations from Appendices B
(solid) and C (dashed):
(a) dσ/dξ1dξ2 for ξ1 = ξ2 = ξ

and 0 < |q1,2| < 0.5 GeV;
(b) dσ/dq2

1dq2
2 for

|q1| = |q2| = |q| and
10−3 < ξ1,2 < 0.3

Table 2 Total p + p → n + π+ + π+ + n cross sections in the kine-
matical region 0 < |q| < 0.5 GeV, ξmin = 10−3 < ξ < ξmax for two
parametrizations from Appendices B (C)

ξmax 0.1 0.2 0.3 0.4

σ , µb 0.22 (0.19) 3.5 (3.1) 12 (11) 26.8 (24.7)

=
2∏

i=1

[(
m2

pξ2
i + q2

i

)∣∣ΦB

(
ξi,q

2
i

)∣∣2 ξi

(1 − ξi)2

]

× S2
(
s/s0, {ξi}, {q2

i }
)dσel,π+π+(ξ1ξ2s)

dtππ

, (20)

S2 =
∑

i,j=0,s ρ2
ij |Φ̄ij (s/s0, {ξi}, {q2

i })|2∏2
i=1[(m2

pξ2
i + q2

i )|ΦB(ξi,q
2
i )|2]

, (21)

where functions ρij , Φ̄ij and ΦB are given in Appendix A.
We are now ready to make predictions for high energies.

Numerically calculated cross sections for the exclusive DπE
are shown in Fig. 8 and listed in Table 2 for parametrizations
from Appendices B and C.

4 Extraction of π+p and π+π+ cross sections.
The role of absorption. Backgrounds

To extract π+p and π+π+ cross sections from the SπE and
DπE processes we can use (9) and (19). Let us rewrite these
two equations in the following form:

dσX,π+p(ξs)

dΦX

= dσX,SπE

dξ dt dΦX

E(s/s0, ξ, t)

S(s/s0, ξ, t)
, (22)

dσX,π+π+(ξ1ξ2s)

dΦX

= dσX,DπE

dξ1 dξ2 dt1 dt2 dΦX

× E(s/s0, ξ1, t1)E(s/s0, ξ2, t2)

S2(s/s0, {ξi}, {ti}) , (23)

where

E(s/s0, ξ, t) = (t − m2
π )2

−t

16π2

G2
π+pn

F 2(t)ξ1−2απ (t)
. (24)

An exact extraction procedure is quite delicate. If we
want to extract π+p and π+π+ cross sections in a model-
independent way, we have to take (22), (23) in the limit
ti → m2

π . For this limit we should extrapolate the parame-
trizations of the data on SπE and DπE differential cross sec-
tions to the positive ti = m2

π , i.e. beyond the physical region.
Functions S and S2 are equal to unity for this value of ti ,
that is why the phenomenological model for these functions
is not important. This procedure is actually the Chew–Low
extrapolation method [22, 23].

Experimentally extrapolation to m2
π is rather difficult

(see Sect. 5), since the errors in t are larger than m2
π . To

get around this problem we extract cross sections for pi-
ons with low virtualities and assume that the values (22),
(23) are close to reality. It is clear from the fact that the
main contribution to the cross section comes from the region
|ti | < 0.25 GeV2 (see Fig. 6b). In this region the dependence
of σπ+p (σπ+π+ ) on t is assumed to be weak enough, i.e. pi-
ons are on-mass-shell.

Functions S and S2 are close to unity in the physical re-
gion of negative t values (see Figs. 9, 10), and we can es-
timate errors of the model due to absorptive corrections. It
was shown in [1] that such a model-dependent extraction
works satisfactory for

√
s < 70 GeV. This fact is illustrated

in Fig. 11a. All the parametrizations are close to the ex-
tracted values and the real data points, but for higher en-
ergies (Fig. 11b) the difference between models becomes
larger.

To avoid singularities in the extrapolation procedure at
t = 0 and model dependence in S and S2 it is convenient to
extrapolate quantities in the r.h.s. of (22) and (23) multiplied
by St/m2

π and S2t1t2/m4
π correspondingly. The behavior of

St/m2
π is shown in Fig. 12. It is a smooth function of t in the

whole region of the extrapolation. Practically we will have
σπ+pSt/m2

π as a result of the extrapolation, which is equal
to σπ+p at t = m2

π .
The role of absorptive effects (i.e. model dependence

of the final result) is significant if we want to extract πp

and ππ cross sections from the SπE and DπE differen-
tial cross sections integrated in the wide region of t values,
where absorption is strong. That is why we need an experi-
mental instrument to measure differential cross sections for
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Fig. 9 Function S2(s/s0, ξ1,2, |q1,2|) in the physical region of negative t values at
√

s = 10 TeV for: (a) for fixed ξ1,2 = 0.01 (b) for fixed
|q1,2| ∼ 0. (c) Function F(ξ1, ξ2) at

√
s = 10 TeV

Fig. 10 Function S(s/s0, ξ, qt ) at
√

s = 10 TeV in the physical region
of negative t values for three different fixed ξ values: ξ = 0.3 (dotted),
ξ = 0.1 (dashed) and ξ = 10−4 (solid). For low ξ and |q| function S is
close to unity

low t values with good resolution. The present design of
detectors does not allow t measurements, it gives only re-
striction |t | < ∼1.2 GeV2 [1]. If to assume a weak enough
t-dependence of πp and ππ cross sections, then we could
hope to extract these cross sections (though, with big errors)
by the following procedure:

σπ+p(ξs) =
dσSπE

dξ

S̃(ξ)
, S̃(ξ) =

∫ tmax

tmin

dt
S(s/s0, ξ, t)

E(s/s0, ξ, t)
,

(25)

S̃2(ξ1, ξ2) =
∫ tmax

tmin

dt1 dt2
S2(s/s0, {ξi}, {ti})

E(s/s0, ξ1, t1)E(s/s0, ξ2, t2)
,

σπ+π+(ξ1ξ2s) =
dσDπE
dξ1dξ2

S̃2(ξ1, ξ2)
. (26)

Functions S̃2(ξ1, ξ2) and S̃(ξ) are depicted in Fig. 13. To
suppress theoretical errors of S̃ and S̃2 we have to measure
total and elastic pp rates at 10 TeV, since all the models for
absorptive corrections are normalized to pp cross sections.
At present we can estimate the theoretical error to be less
than 10% for this method from predicted values of total pp

cross sections in the most popular models (see Fig. 1a).

The case of the DπE is more complicated since the func-
tion S2 is not factorizable. For low ti it is approximately
equal to

F(ξ1, ξ2) ≡ S2(s/s0, ξ1, ξ2,0,0)

� (√
S(s/s0, ξ1,0) + √

S(s/s0, ξ2,0)

− √
S(s/s0, ξ1,0)S(s/s0, ξ1,0)

)2
, (27)

which is clear from Figs. 9b, c.
To estimate total absorptive effect we have to take the

ratio

Stot =
∫

Ω ′
dσ

dΦ

/∫
Ω ′

dσ0

dΦ
, (28)

Ω ′ : ξmin = 10−3 < ξi < ξmax,

0.01 GeV2 < |t | < 0.5 GeV2. (29)

Φ is the phase space for the SπE (DπE), and dσ0/dΦ is
the cross section without absorptive corrections (i.e. for S ≡
S2 ≡ 1). The results are listed in Table 3.

If we could measure momenta of all the final particles,
we would have only exclusive backgrounds for our SπE and
DπE signal processes with elastic π+p (Fig. 4a) and π+π+
(Fig. 4c) scattering. The single low mass dissociative back-
ground for the exclusive SπE is depicted in Fig. 4b. For
the exclusive DπE we have two exclusive backgrounds of
Figs. 4d, e. In a real experiment we can detect only one or
two particles in the final state, and we have to take into ac-
count all the inclusive backgrounds: single and double dis-
sociation, central diffraction, minimum bias with neutrons
production, inclusive single and double charge exchanges
with π+ (see Fig. 14) and also ρ, a2 exchanges (for more
exact estimations of inclusive backgrounds see Sect. 5).
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Fig. 11 Total π+p cross
sections versus different
parametrizations: [2] (solid),
[3] (dashed), [4] (dotted) and
[5, 6] (dash-dotted). (a) Real
data from PDG (triangles) up to√

s = 25 GeV and extracted
values (boxes) up to√

s = 70 GeV (see [1]); (b) total
π+p cross sections in the
energy range
0.5 TeV <

√
s < 7 TeV

Fig. 12 Function S(ξ, t)t/m2
π

versus t/m2
π at fixed ξ = 0.05.

The boundary of the physical
region t0 = −m2ξ2/(1 − ξ) is
represented by vertical dashed
line in (b)

Fig. 13 Values of absorptive
corrections integrated with
form-factors in the region
0.01 GeV2 < |ti | < 1.2 GeV2.
(a) S̃(ξ); (b) S̃2(ξ1, ξ2): ξ2 = ξ1
(solid), ξ2 = 0.1 (dashed),
ξ2 = 0.2 (dotted) and ξ2 = 0.3
(dash-dotted)

Table 3 Total absorptive corrections for exclusive SπE and DπE in
the kinematical region 0.01 GeV2 < |ti | < 0.5 GeV2, ξmin = 10−3 <

ξi < ξmax for parametrizations from Appendices B, C

ξmax 0.05 0.1 0.2 0.3 0.4

Stot,SπE 0.39 0.34 0.27 0.22 0.18

Stot,DπE 0.47 0.41 0.33 0.26 0.25

5 Experimental possibilities

In this chapter we analyze CMS [24] capabilities to mea-
sure elastic π+p and π+π+ scattering at 10 TeV, c.m. en-
ergy of LHC protons in the first runs. The CMS Zero Degree
Calorimeters, ZDCs [25, 26], can measure leading neutrons
in the exclusive SπE, pp → npπ+ (Fig. 4a), and DπE,
pp → nπ+π+n (Fig. 4c), processes.1 The ZDCs are located

1Further, exclusive SπE (DπE) elastic events, i.e. SπE (DπE) with
π+

virtp (π+
virtπ

+
virt) scattering elastically, will be designated as SπEelastic

(DπEelastic) for brevity.

Fig. 14 Inclusive SπE (a, b, c) and DπE (d, e, f) backgrounds. (a) sin-
gle dissociation, (b) double dissociation, (c) minimum bias in the π+p

channel, and (d) single dissociation, (e) double dissociation, (f) mini-
mum bias in the π+π+ channel

between the two beam pipes at 140 m on each side of the
interaction point. They are able to measure the energy of for-
ward neutral particles in the pseudorapidity region |η| > 8.5.
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SπE and DπE events have been generated in the frame-
work of the simulation package EDDE [27]. The kinematics
of the SπE and DπE processes are defined by ξn and tn
of the leading neutron. The pπ+

virtn vertex is generated on
the basis of the model described in [1]. For the simulation
of π+

virtp and π+
virtπ

+
virt elastic scattering PYTHIA 6.420 [28]

has been used. Obviously, π+
virt and p (π+

virt and π+
virt) can in-

teract inelastically and diffractively. Then, in the diffractive
interaction of π+

virt and p, either the π+
virt or the p, or both

of them, can dissociate. All of these processes have been
studied as backgrounds, as well as minimum bias and dif-
fractive pp events. Diagrams for some of the background
processes are shown in Fig. 14. Signal and background have
been generated by EDDE v.3.0.0 and PYTHIA 6.420. The
SπE cross section, including all types of π+

virtp interactions,
is estimated to be about 2.6 mb at 10 TeV and ξn < 0.4 [1].
Corresponding cross sections for the signal and backgrounds
are listed below.

Signal:

– SπEelastic : σpp→npπ+ = 0.33 mb.

Backgrounds from pp and inelastic SπE events:

– minimum bias events: σpp→X = 50 mb;
– single diffractive dissociation: σpp→pX = 14 mb;
– double diffractive dissociation: σpp→XY = 9.7 mb;
– SπE, minimum bias in the π+

virtp channel, Fig. 14c:
σpp→nX = 1.54 mb;

– SπE, single diffraction in the π+
virtp channel with proton

dissociation, Fig. 14a: σpp→nπ+X = 0.23 mb;
– SπE, single diffraction in the π+

virtp channel with π+ dis-
sociation, Fig. 14a: σpp→npX = 0.20 mb;

– SπE, double diffraction in the π+
virtp channel, Fig. 14b:

σpp→nXY = 0.27 mb.

Figure 15 shows the ratio of events for SπEelastic (shad-
owed) and background processes. On the picture mini-
mum bias processes have numbers less than 90 and dif-
fractive processes have numbers 92, 93 and 94, according
to PYTHIA’s definition. All SπE processes are placed be-
tween numbers 400 and 500 and DπE processes are in the
region from 500 to 600 in our generation. Signal processes,
SπEelastic and DπEelastic, have numbers 491 and 591 respec-
tively. SπEelastic events contribute ∼0.4% to the total cross

sections, DπEelastic events is around 0.025% only. DπE
events have been simulated by the same method, as SπE, us-
ing EDDE v.3.0.0 and PYTHIA 6.420. DπE cross section,
including all types of π+

virtπ
+
virt interactions, is estimated to

be about 200 µb at 10 TeV and ξn1,n2 < 0.4 [1]. Correspond-
ing cross sections for the signal and inelastic DπE back-
grounds are listed below.

Signal:

– DπEelastic: σpp→nπ+π+n = 24 µb.

Backgrounds from inelastic DπE events:

– DπE, minimum bias in the π+
virtπ

+
virt channel, Fig. 14f:

σpp→nXn = 124 µb;
– DπE, single diffraction in the π+

virtπ
+
virt channel, Fig. 14d:

σpp→nπ+Xn = 30 µb;
– DπE, double diffraction in the π+

virtπ
+
virt channel, Fig. 14e:

σpp→nXYn = 22 µb.

Inelastic and diffractive pp interactions produce back-
ground events for DπEelastic, as well as for SπEelastic. More-
over, SπE elastic and inelastic processes produce strong
backgrounds for DπEelastic, in addition to the inelastic pp

and DπE. And, on the contrary, DπE elastic and inelastic
events can imitate SπEelastic.

In our simulation, cross sections for the SπEelastic and
DπEelastic signals, depend on π+

virtp and π+
virtπ

+
virt elastic

scattering models integrated to the PYTHIA 6.420. It is in-
teresting to note that values obtained for these cross sections
are very close to the ones which can be calculated in the
BSW [4] and GP [5, 6] parametrizations, see Tables 1 and 2.
The ratio between the SπE elastic (signal) and inelastic (part
of background) events are presented in Fig. 16a. Figure 16b
shows the same for DπE.

As in paper [1], for SπE selections we choose events with
neutrons in the forward or backward ZDC and with the ab-
sence of neutrons in the opposite one:
[

N
f
n > 0 & Nb

n = 0,

Nb
n > 0 & N

f
n = 0.

(30)

For the DπE, we selected events with neutrons in both the
forward and backward ZDCs:

N
f
n > 0 & Nb

n > 0. (31)

Fig. 15 Events ratio for
SπEelastic (shadowed) and
background
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Fig. 16 (a) SπE elastic (solid)
and total (dotted) events
distribution versus the (π+

virtp)
invariant mass; (b) DπE elastic
(solid) and total (dotted) events
distribution versus the
(π+

virtπ
+
virt) invariant mass

Fig. 17 The ratio of events for
the signal SπEelastic (shadowed)
and background processes after
the selection (30)

Fig. 18 The ratio of events for
the signal DπEelastic
(shadowed) and background
processes after the selection (31)

Here, N
f
n (Nb

n ) is the number of neutrons hitting the for-
ward (backward) ZDC. Such selections suppress the back-
ground for SπEelastic (DπEelastic) events by a factor 14
(160). The signal to background ratio becomes equal to
0.05 for the SπEelastic and 0.04 for the DπEelastic. Fig-
ure 17 shows the ratio of events for SπEelastic (shadowed)
and background processes after the selection (30). The same
picture is plotted for the DπEelastic signal and background
after the selection (31), Fig. 18.

The signal SπEelastic (pp → nπ+p) event has neutron,
proton and π+ in the final state. Apart from neutrons, which
can be detected by ZDC, two other particles move out of the
CMS acceptance. The proton, scattered elastically, should
move inside the beam pipe. The π+ meson should fly in the
same direction as the neutron and it is scattered on a small
angle too (see Fig. 19b). In the LHC beam pipe π+ mesons
are deflected by magnets and hit the pipe producing hadron
showers. This could be used for π+ mesons detection by
scintillating counters that is discussed below. Thus, though
it looks as a paradox, we should demand absence of a signal
in the CMS detectors, except for the one of ZDCs, for the
SπEelastic trigger. For example, we could select events with

zero signal in the CMS calorimeters:

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

NBARREL = 0,

NENDCAP = 0,

NHF = 0,

NCASTOR = 0.

(32)

Figure 20 shows the efficiency of such selection for the
SπEelastic. The signal to background ratio becomes equal
to 1, i.e. we have achieved improvement 18 times better in
comparison with the previous selection (30). Detailed study
of the rest of backgrounds (left bin on the Fig. 20) has shown
that it contains processes of the single diffractive dissocia-
tion, pp → pN∗ → pnπ+, where the pomeron exchange
leads to the proton excitation N∗ and its subsequent de-
cay to the π+ meson and neutron (see the diagram on the
Fig. 20). This reaction can imitate the SπEelastic process
as well. However, the further careful study of both reac-
tions has shown some difference in their kinematics. Thus,
t distributions of neutrons have different slope parameters.
It could improve the signal/background ratio up to the value
1.7 by the selection |tn| < 0.2 GeV2, Fig. 19a.
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Fig. 19 (a) t of the leading neutron for the signal SπEelastic (solid)
and background (dotted) after selections (30) & (32); (b) η of the π+
for the signal SπEelastic (solid) and background (dotted) after selec-

tions (30) & (32) & tn < 0.2 GeV2; (c) the (π+p) mass distribution
for the signal SπEelastic (solid) and background (dotted) after selec-
tions (30) & (32) & tn < 0.2 GeV2 & ηπ+ > 8.5

Fig. 20 The ratio of events for
the signal SπEelastic (shadowed)
and background processes after
selections (30) & (32)

Fig. 21 dN/dξdr for
(a)

√
s = 900 GeV and

(b) 7 TeV

Each of the CMS ZDCs consist of two sections, an elec-
tromagnetic, EM, part for measuring photons, π0, ηs etc.
and a hadronic part designed to measure neutral hadrons
such as neutrons and λs [26]. The energy resolution of the
detector for hadrons is 138%/

√
E + 13%. The electromag-

netic part is divided into strips that run in the vertical di-
rection. These strips can be used to measure the horizontal
position of the particle’s impact point with a resolution of
about 0.4 cm. The hadronic part that has is divided into 4
depth segments but has no transverse segmentation. About
1/3rd of the time neutrons will start to shower in the elec-
tromagnetic part and for these neutrons we can extract some
position information. The ZDCs can also be used to select
events in the CMS level one trigger.

The geometrical acceptance of the calorimeter is ±4.4 cm
horizontally and ±5.0 vertically. For CMS the LHC beams
cross in the horizontal plane and so the nominal position

of the zero degree point will vary depending on the cross-
ing angle. For example if the crossing angle of the beam is
140 µradians the zero degree point will be at x = +2 cm.
Given the energy and position resolution of the detector it
may be possible to make a rough measurement of the angu-
lar distribution of the neutrons.

The only independent measurements that the ZDCs can
make of the neutrons are the energy loss ξ and the dis-
tance from the collision axis r = √

x2 + y2. Figures 21, 22
and 23 show the distribution of neutrons, their t value and
the resolution of t versus ξ and r for (a)

√
s = 900 GeV

and (b) 7 TeV. As the energy increases the radial distribu-
tion tends to shrink toward r = 0. Given the current limited
position resolution of the ZDC it may be possible to gain
some information about the t distribution at

√
s = 900 GeV.

However for multi TeV energies it will probably be neces-
sary to upgrade the detector.
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Fig. 22 The t value for
neutrons as a function of
distance from the collision axis
and ξ for (a)

√
s = 900 GeV

and (b) 7 TeV

Fig. 23 The relative resolution
for t , i.e. δt/t value for neutrons
as a function of distance from
the collision axis and ξ for
(a)

√
s = 900 GeV and

(b) 7 TeV. We have assumed
that δr = 0.5 cm, distance from
the detector to the interaction
point is 140 m and δξ/ξ � 0.14

Fig. 24 The ratio of events for
the signal DπEelastic
(shadowed) and background
processes after selections (31)
& (32)

Figure 19(b) shows that the π+ mesons are deflected
a bit stronger for the signal than for a background, If we
could have counters for charge particles in the pseudora-
pidity region η > 9, it would allow us to improve the sig-
nal/background ratio up to 5 and higher, Fig. 19c. The pos-
sibility of such counters’ installation along the LHC beam
on both sides of the CMS was studied in [29]. Set of FSCs,
placed at distances from 60 to 140 m from the interaction
point, could cover the pseudorapidity region from 8 to 11.
They could register particle showers induced by the primary
π+ with high efficiency, up to 70%. Unfortunately, in the
present setup of the forward CMS detectors there are no for-
ward counters and present design of the ZDC does not allow
one to measure t of the leading neutron. So, this is a task for
the future.

Selections (32), applied to the DπEelastic, improve the
signal/background ratio up to 1.1 (see Fig. 24). The rest of
the background comes from the double diffractive dissocia-
tion pp → N∗N∗ → nπ+π+n (the left diagram on Fig. 24)
and from the SπE events produced by single diffraction in

the π+p channel with the subsequent decay of the excited
protons to π+ and neutron (the right diagram on Fig. 24).
t distributions for signal and background are different, as it
is shown on Fig. 25a. As for the SπE, we could improve the
signal/background ratio up to ∼ 2 by selections:

{
|tfn | < 0.25 GeV2,

|tbn | < 0.25 GeV2,
(33)

using (33) in a combination with (31) and (32). For further
improvements of data we could use different deviation of
π meson from the beam axis for signal and background,
Fig. 25b. Selections

{
η

f
n > 9,

ηb
n > 9,

(34)

give a data sample with a signal/background ratio ∼7, see
Fig. 25c.
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Fig. 25 (a) t of the leading neutrons for the signal DπEelastic (solid)
and background (dotted) after selections (31) & (32); (b) η of the π+
mesons for the signal DπEelastic (solid) and background (dotted) after

selections (31) & (32) & (33); (c) the (π+π+) mass distribution for the
signal DπEelastic (solid) and background (dotted) after selections (31)
& (32) & (33) & (34)

6 Discussions and conclusions

In conclusion, our study of SπEelastic and DπEelastic pro-
cesses shows that with present setup of the forward detec-
tors we could expect observation of SπEelastic and DπEelastic

events mixing with background in the proportion ∼1:1.
Rough estimations on the generator level shows that we
could observe ∼108 SπEelastic events distributed in the mass
region from 1 to 6 TeV and ∼107 DπEelastic events distrib-
uted in the mass region from 0.5 to 4 TeV at the integrated
luminosity 1 pb−1. As it was said they will be mixed with
approximately the same amount of background events. Im-
provement of the data purity demands a considerable mod-
ernization of the forward detectors. Some modification of
the ZDC is required to measure the t of the leading neutrons.
It would be very useful to install forward shower counters
FSCs along the beam at distances from 60 to 140 m for the
detection of elastic scattered π -mesons in the region η > 8
would improve the measurements significantly. Realization
of such modifications is beyond this article.

Theoretically, it is very interesting to have both elastic
and total cross sections of πp and ππ scattering. At present
we could only use the extraction procedure for t-integrated
SπE and DπE cross sections (25), (26) which is far from the
ideal one (22), (23). Rough estimations give the model error
about 10%. The main part of this error comes from the un-
certainties in the absorptive corrections which are normal-
ized to pp total and elastic cross sections. Measurements
of the pp total cross section, which would be done by the
TOTEM experiment at LHC, can improve the precision of
our model-dependent extraction procedure significantly. We
would like to stress again, that model-independent extrac-
tion procedure for πp and ππ total and elastic cross sections
makes precision measurements of t of the leading neutron at
small angles mandatory.

In spite of all the difficulties, proposed tasks are of ex-
ceptional importance, and we hope that they will push mod-
ernization of the forward detectors for future precise mea-
surements.

Acknowledgements We are grateful to M. Albrow, V.I. Kryshkin,
N.E. Tyurin, S.M. Troshin for useful discussions and helpful sugges-
tions, and also A. Godizov for an alternative parametrization of cross
sections and D. Konstantinov for the help with modifications of the
software for Monte-Carlo simulation.

This work is supported by the grant RFBR-10-02-00372-a.

Open Access This article is distributed under the terms of the Cre-
ative Commons Attribution Noncommercial License which permits
any noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.

Appendix A

Here we define functions for the calculation of absorptive
corrections for the SπE and the DπE processes. For the
SπE we have:

ΦB

(
ξ,q2)

= N(ξ)

2π

(
1

q2 + ε2
+ ı

πα′
π

2(1 − ξ)

)
exp

(−β2q2)

� N(ξ)

2π

1

q2 + ε2

1

1 + β2q2
, q → 0, (A.1)

N(ξ) = (1 − ξ)
Gπ+pn

2
ξ

α′
π ε2

1−ξ exp

[
−b

m2
pξ2

1 − ξ

]
, (A.2)

β2 = b + α′
π ln 1

ξ

1 − ξ
, ε2 = m2

pξ2 + m2
π (1 − ξ), (A.3)

Φ0 = N(ξ)

2π

∫ ∞

0
db�0

(
b, ξ, |q|)V (b), (A.4)

|q|Φs = N(ξ)

2π

∫ ∞

0
db�s

(
b, ξ, |q|)V (b), (A.5)

�0
(
b, ξ, |q|) = bJ0(b|q|)(K0(εb) − K0(

b
β
))

1 − β2ε2
, (A.6)
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Table 4 Parameters of the model [8]

i ci r2
i (GeV−2)

1 53.0 ± 0.8 6.3096 ± 0.2522

2 9.68 ± 0.16 3.1097 ± 0.1817

3 1.67 ± 0.07 2.4771 ± 0.0964

�s

(
b, ξ, |q|)

= bJ1(b|q|)(εK1(εb) − 1
β
K1(

b
β
))

1 − β2ε2
, (A.7)

V (b) = exp
(−Ωel(s/s0, b)

)
, (A.8)

Ωel =
3∑

i=1

Ωi,

Ωi = 2ci

16πBi

(
s

s0
e−ı π

2

)αIPi
(0)−1

exp

[
− b2

4Bi

]
, (A.9)

Bi = α′
IPi

ln

(
s

s0
e−ı π

2

)
+ r2

i

4
, (A.10)

the values of parameters can be found in (12) and in Table 4.
For the DπE process we can write the following expres-

sions:

Φ̄ij = N(ξ1)N(ξ2)

(2π)2

∫ ∞

0
db1 db2Iφ(b1, b2)

× �i

(
b1, ξ1, |q1|

)
�j

(
b2, ξ2, |q2|

)
, (A.11)

Iφ(b1, b2) =
∫ π

0

dφ

π
V

(√
b2

1 + b2
2 − 2b1b2 cosφ

)
, (A.12)

ρ00 = m2
pξ1ξ2, ρ0s = mpξ1,

ρs0 = mpξ2, ρss = 1. (A.13)

Appendix B

For the calculation of elastic cross sections we use the
Bourrely–Soffer–Wu (BSW) parametrization [4]. Functions
and values of parameters are given below.

T(s, tp) = ı

∫ ∞

0
b db J0(b

√−tp)
(
1 − e−Ω0(s,b)

)
, (B.1)

dσel

dtp
= π

∣∣T(s, tp)
∣∣2

, (B.2)

Ω0(s, b) = ΩIP +
∑

i

Ωi, (B.3)

ΩIP � sc

lnc′
s

[
1 + eıπc

(1 + ıπ
ln s

)c
′

]
FBSW(b)

for s 
 m2
p, |t |. (B.4)

Table 5 Parameters of the model [4]

c c′ m1 m2 m3π

0.167 0.748 0.577225 1.719896 0.7665

fπ aπ f a

4.2414 2.3272 6.970913 1.858442

Table 6 Parameters of the model [4] for secondary reggeons in pp

scattering

i ω A2 ρ

bi,GeV−2 0 0 8.54

Ci −167.3293 −24.2686 124.91969

αi(t) 0.3229+0.7954t 0.3566 + t 0.3202 + t

For the π+p elastic scattering we have i = ρ in (B.3) and

F
π+p

BSW(b) =
∫ ∞

0
q dq J0(qb)fπ

a2
π − q2

a2
π + q2

× 1

(1 + q2

m2
1
)(1 + q2

m2
2
)(1 + q2

m2
3π

)
, (B.5)

Ωρ � Cρ(1 + ı)

(
s

s0

)αρ(0)−1 e
− b2

4Bρ

2Bρ

, (B.6)

Bρ = bρ + α′
ρ(0) ln

s

s0
, bρ = 4.2704, (B.7)

αρ(t) = 0.3202 + t, Cρ = 4.1624, (B.8)

where values of parameters are listed in Table 5.
For the pp elastic scattering i = ω,A2, ρ and

F
pp

BSW(b) =
∫ ∞

0
q dqJ0(qb)f

a2 − q2

a2 + q2

× 1

(1 + q2

m2
1
)2(1 + q2

m2
2
)2

, (B.9)

Ωi(b) =
∫ ∞

0
q dqJ0(qb)Cie

−biq
2

× (
1 ± e−ıπαi (−q2)

)( s

s0

)αi(−q2)

. (B.10)

Values of parameters are listed in Table 6.
In this paper we take the following parametrization of the

π+π+ elastic scattering, which is based on the BSW [4] one
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(approximate expressions for s 
 s0, |t | � 1 GeV2)

Fπ+π+
BSW (b)

�
∫ ∞

0
q dqJ0(qb)fππ

a2
ππ − q2

a2
ππ + q2

1

(1 + q2

m2
3π

)2
, (B.11)

Ω0 � ΩIP, fππ = f 2
π

f
,

1

a2
ππ

= 2

a2
π

− 1

a2
. (B.12)

Appendix C

Another parametrization for pp, π+p and π+π+ cross sec-
tions is taken from [5, 6]. The scattering amplitude is repre-
sented in the usual eikonal form

T (s, b) = e2iδ(s,b) − 1

2i
(C.1)

(here T (s, b) is the amplitude of the elastic scattering in the
impact parameter b space, s is the invariant mass squared of
colliding particles and δ(s, b) is the eikonal function). Am-
plitudes in the impact parameter space and momentum one
are related thorough the Fourier–Bessel transforms

f (s, b) = 1

16πs

∫ ∞

0
d(−t)J0(b

√−t)f (s, t), (C.2)

f (s, t) = 4πs

∫ ∞

0
db2J0(b

√−t)f (s, b). (C.3)

The eikonal function in the momentum space is

δ(s, t) = δP(s, t) + δf (s, t)

=
(

i + tg
π(αP(t) − 1)

2

)
βP(t)

(
s

s0

)αP(t)

+
(

i + tg
π(αf (t) − 1)

2

)
βf (t)

(
s

s0

)αf (t)

. (C.4)

The parametrization for the pomeron residue is

βP(t) = BPebP t
(
1 + d1 t + d2 t2 + d3 t3 + d4 t4), (C.5)

which is approximately (at low values of d1, d2, d3 and d4)
an exponential at low t values. Residues of secondary
reggeons we set as exponentials:

βf (t) = Bf ebf t . (C.6)

Phenomenological parametrization for the “soft” pome-
ron trajectory is set to

αP(t) = 1 + p1

[
1 − p2 t

(
arctg(p3 − p2 t) − π

2

)]
. (C.7)

Table 7 Values of parameters of the model [5, 6] for the pp scattering

Pomeron

p1 0.123

p2 1.58 GeV−2

p3 0.15

BP 43.5

bP 2.4 GeV−2

d1 0.43 GeV−2

d2 0.39 GeV−4

d3 0.051 GeV−6

d4 0.035 GeV−8

αP(0) 1.123

α′
P(0) 0.28 GeV−2

f2-reggeon

cf 0.1 GeV2

Bf 153

bf 4.7 GeV−2

αf (0) 0.78

α′
f (0) 0.63 GeV−2

ω-reggeon

cω 0.9 GeV2

Bω 46

bω 5.6 GeV−2

αω(0) 0.64

α′
ω(0) 0.07 GeV−2

Table 8 Values of parameters of the model [5, 6] for the elastic π±p

scattering

BP 26.7

bP 2.36 GeV−2

d1 0.38 GeV−2

d2 0.30 GeV−4

d3 −0.078 GeV−6

d4 0.04 GeV−8

Bf 67

bf 1.88 GeV−2

Trajectories of secondary reggeons f2 and ω are parame-
trized by functions

αR(t) =
(

8

3π
αs(

√−t + cR)

)1/2

, R = f,ω, (C.8)

where

αs(μ) = 4π

11 − 2
3nf

(
1

ln μ2

Λ2

+ 1

1 − μ2

Λ2

)
(C.9)

is the one-loop analytic QCD running coupling [30], nf = 3
is the number of flavors, Λ ≡ Λ(3) = 0.346 GeV [31]. Pa-
rameters cf , cω > 0 are rather small to spoil the asymp-
totic behavior of secondary trajectories in the perturbative
domain.

Residues for ππ , πp and pp scattering are assumed to
be

βππ
P (t) = β

πp
P (t)β

πp
P (t)

β
pp
P (t)

, (C.10)

βππ
f (t) = β

πp
f (t)β

πp
f (t)

β
pp
f (t)

. (C.11)

Parameters of the model are listed in Tables 7, 8.
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