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Abstract We propose an experiment at the LHC with lead-
ing neutron production. The latter can be used to extract
from it the total 7+ p cross-sections. With two leading neu-
trons we can get access to the total w77 T cross-sections. In
this note we give some estimates and discuss related prob-
lems and prospects.

PACS 11.55.Jy - 12.40.Nn - 13.85.Lg - 13.85.Ni

1 Introduction

The Large Hadron Collider, LHC, opens up new possibil-
ities for diffractive physics, especially in measurements of
the total and elastic pp cross-sections. These will allow us
to discriminate among many models of high-energy diffrac-
tive scattering. However, the pp cross-sections results will
not be sufficient to separate all viable models. For this we
need the information on the high-energy cross-sections of
other initial states. On quite general grounds we expect a
universal high-energy behavior of any total cross-section,
independently of the initial state. Unfortunately, apart from
pp and pp collisions we have only rather low energy data.
For instance, the total cross-section of 7 p interaction is
known only up to 25 GeV. At present no plans exist to get
high-energy secondary beams to fill this gap. Nonetheless,
we can use an old idea of Goebel and Chew-Low [1, 2] based
on virtual particles and poles in the scattering matrix to ex-
tract such cross sections. For example, in Refs. [3-5] total
and elastic wr cross-sections were extracted in the energy
domain 1.5-4.0 GeV from the cross-sections of exclusive
processes with charge exchange. In Ref. [6] m ~7 ™~ cross-
sections were extracted from the reaction 7™ +n — p + X
for energies up to 18.4 GeV. More recently the wp cross
section at /s = 50 GeV was extracted from the y + p —
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at+n " +p process [7] with a (model dependent [8, 9]) re-
sult of 07, (50 GeV) = 3142 (stat.) £3 (syst.) mb. At LHC
it will be difficult to measure exclusive channels. As an al-
ternative we propose to measure the inclusive spectra of fast
leading neutrons in order to deduce pion cross-sections in
the energy range 1-5 TeV.

The process of leading neutron production has been stud-
ied at several experiments in photon-hadron [10-17] and
hadron-hadron [18-24] colliders. In this paper we consider
processes of the type p+p —>n+ X and p+p - n +
X + n. As was noted in [25], the experimental study of
charge exchange in hadron-hadron collisions is not so clear.
Some experiments are in agreement with the theoretical ex-
pectations [23, 24], while others [18] are not. Since leading
neutron production is dominated by 7 exchange [25-28] we
have a chance to extract total 7+ p and w ¥ T cross-sections
in a relatively model independent way. This is the motivation
for this paper.

At high energies we have to take into account effects of
soft rescattering which can be calculated as corrections to
the Born approximation. In the calculations of such absorp-
tive effects we use Regge-eikonal approach [29]. In the first
part of the paper we present our calculations for differen-
tial cross-sections, while in the last section the Monte-Carlo
simulation and experimental possibilities are considered us-
ing the CMS ZDC [30, 31] detector as an example.

2 Kinematics

The diagram of the Single pion Exchange (SmE) process
p+ p — n+ X is presented in Fig. 1a. The momenta are pq,
P2, Pn, Px respectively. In the center-of-mass frame these
can be represented as follows (boldface letters denote trans-
verse momenta):

(5 (5
p1_<7771370)7 P2—(77_7,3»0> (1)
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Fig. 1 Diagrams for the signal and background processes in pp colli-
sions. a process with a single pion exchange p + p — n 4+ X, M is the
mass of the system X; b process with other reggeon exchanges; ¢ dou-
ble dissociation process with a pion exchange; d double dissociation
with Pomeron and reggeon exchanges. S represents soft rescattering
corrections

With this notation, the momentum of the 7 is

(N5 TEmy—my s )
Pn—<$7/3 +T,5757q ) )
and
Pn=DP1— Px, 3)
px =M>, )

M? —m2 =2t +m> —m2)  M?
£ = —F ~—, (5)

sB N
@+ E2Pm o+ (2 — m2) (e — )
R %_,32 2(m m%)
2 2.2
q-+&m
:ﬁ’ (6)
4m?
B= 1—T”. (7

One of the important questions is the definition of the
kinematical region of the process, especially in rapidity y
(pseudorapidity 1) (see Section 5). If we have several sec-
ondaries from 7 T p scattering with momenta

ki = (\/ml2 + k7 +§,-2;32%, —&ﬂ§7 ki)

®)

then

Y E=1-¢

- 4(m +k?)
Z\/s —F
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2 t+ mi — m%
=1+6pl+ — =14k 9)
and
2 2
N g 0
y; o —In 2 s (10)
) 4(m?+k?) ’
N
1 &+ Sz)z
m g (1)

S

For negative & we have y; — yi max, ni = oo for k; —
0. This means that when we produce soft hadrons we have
no pseudorapidity gap even in the case when the rapidity is

Ei/s M?
Vi.max 2 1n ’mi Slnﬁmi' (12)

Experimentally this puts us in the difficult situation of hav-
ing to cut soft particles in order to see the pseudorapidity
gap. For example, if y = 6 for pions of energy 30 GeV, then
n >~ 9 is close to the beam.

3 Calculation of the cross-section. Absorptive effects

As a Born approximation for 7 exchange we use the famil-
iar triple-Regge formula (see Fig. 2). This formula can be
rewritten as

doo(p+p—>n+X)
dédt

2
= G”“’”—Fz(r)sl W@, (13)
162 (1 —m2)? r

where the pion trajectory is o (£) = o (f — m%). The slope
o' ~0.9 GeV~2Z, & =1—xp, were xy is the fraction of
the initial proton’s longitudinal momentum carried by the
neutron, and Giopp/(47r) = n+pn/(87r) =13.75[32, 33].

The form factor F'(¢) is usually expressed as an exponential

F(t) =exp(bt), (14)

where, from recent data [14, 34], we expect b >~ 0.3 GeV~2.
We are interested in the kinematical range

£ <04, 0.01 < |7] < 0.5 GeV?,

where formula (13) dominates according to [35] and [36].
At high energies we can use any adequate parametrization
of the total 7+ p cross-sections.

Apart from pion exchange, Fig. 1a other processes such
as p and a; exchange (Fig. 1b), resonance (A, N*) decays
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(Fig. 1c, d) can produce leading neutrons [34—-36]. Pion ex-
change dominates while p and a; exchange contribution is
about 20%. The other reggeons only give small contribu-
tions due to spin effects [34]. The main background comes
from minimum bias events and the pomeron exchange dou-
ble dissociation process, see Fig. 1d. This was estimated to
be about 0.06 - o (p + p — p + X) [37] at low energies. It
has, however, an inverse missing mass dependence and is
suppressed at intermediate & (see Fig. 3). This fact is used
to eliminate the background.

Another important suppression factor arises from absorp-
tive corrections [25]. We estimate only absorption in the ini-
tial state, since it gives the main contribution. For this task
we use our model with 3 Pomeron trajectories [29]:

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

ajp,(t) —1=1(0.1669 £ 0.0012) + (0.2733 4 0.0056)¢,

aypy(t) — 1= (0.2032 £ 0.0041) + (0.0937 & 0.0029)z.
(15)

Fig. 2 Amplitudes squared and total cross-sections of the processes:
ap+p—-o>n+X(SnE),bp+p—n+ X+n(DrE). S represents
soft rescattering corrections

do (g =0.3) mb

dzdg,” ' GeV’ dzdg,? ' GeV®
120 27N 40

0470750808509095 17
(a) 04707508085090951 (b)

Fig. 3 Differential cross-sections for the processes p + p — n + X
(parametrization (31), solid, and (32), dashed) and double dissociation
process p + p — N*(— n + w) + X (dotted) at different values of
transverse momentum transfer versus z =1 — &

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

0.01 < |£| < 14 GeV?,

8 < 4/5s < 1800 GeV.

Although the x2/d.o.f. = 2.74 is rather large, the model
gives good predictions for the elastic scattering (especially
in the low-t region with x2/d.o.f. ~ 1).

We use the procedure described in [27, 28] to estimate
the absorptive corrections. With an effective factorized form
of the, here-under, expression (17) used for convenience, we
obtain:

doo (5, 4%)

dédq?

= (€ + @) |25 (6. ) 55)2 oripEs).  (16)
do(s/s0.&.q4%) 2 doo(€. q%)
W—S(s/m,é,q )7d§dq2 , (17)
52 MBEIP06 50,6 PP + RIOC /50,8 D

(m3E2+q?)|Pp (&, ¢

The functions @g and @; arise from different spin contribu-
tions to the amplitude

1
1-¢

and both are equal to @5 in the Born approximation. Here
6; are Pauli matrices and ¥, ¥, are neutron and proton
spinors. All the above functions can be calculated from the
following formulae:

N(&) 1 ol
Pp(5.q°) == (q2 by E))exp(_ﬂqu)

N® 11

Apsn = &, (mp&d3 - Do+ qo - DY, (19)

2n @2 +€2 14 B>’ 1= 9 @0
0‘;/152 262
NE =1 -6 % —5 e exp[‘ Ti]’ (©2)
b+al,inl
fﬂz%;s, =mr& +mi(l—§), (22)
bJo(bla))(Ko(eb) — Ko(5))
(b, €, lal) = g : (23)
bJi(bla) (€Ki (eb) — 5K1(5)
Os(b. €, 14l) = e : (24)
N oo
¢o=§/0 db Oy (b.£. ql)V (b). 25)
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NE) [
|Q|‘Ps=2—/ dbOs(b. &, |ql)V (b), (26)
T Jo
V()= exp(—.Qel (s/so, b)), 27
3
Qa=Y . (28)
i=1
2¢; s x arp, (0)—1 b2
Q= Ze'3 -, 29
’ l67rB,'(soe ) CXP[ 431} (29)
2
s _ I
Biza}Pl_ln(%e ’2>+j. (30)

The values of the parameters ¢; and rl.2 are derived in (15)
and listed in Table 1.

For ¥ p interaction we use, for example, the Donnachie—
Landshoff cross-section [38]

Ot () = 13.6350 098 4 25 565704525 (mb) 31)

and also the COMPETE one [39]

2 s
Op+p(8) =Zzp+ Bln"| —

S0
+ (Yps®+ — Y_s%")/s (mb), (32)
Zyp=21.23£0.33 mb,
(33)
B =0.3152 £ 0.0095 mb,
50 =234 +5.4GeV?, (34)
Y, =17.8+1.1,  a; =0.53340.015, (35)
Y_=572+0.16,  «_ =0.4602 =+ 0.0064 (36)

to make predictions for ISR [18] and PHENIX [24]. The
results are depicted in Fig. 4 for parametrizations (31)
and (32). It is clear from the figures, that the calculated
cross-section is about 1.7 factor lower than experimental
points, this discrepancy is discussed in [27]: it may reflect a
wrong normalization of the ISR data, since the new data [23,
24] are lower and closer to predictions of the model as de-
picted in Fig. 5.

We can of course use any other reliable parametrization.
Nevertheless our principal aim is to extract og+,(s) from
the data. One method [1] is to evaluate the factor in front
of o+, in (13) at some low ¢ >~ —0.014, and then divide
the data by this factor. For a fixed value of ¢ we obtain & ~

Table 1 Parameters of the model

i 1 2 3

ci 53.0+0.8 9.68 £0.16 1.67 £0.07
r2(GeV™2) 6.30964£0.2522 3.1097 £0.1817 2.4771 £0.0964
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0.125 for q ~ 0. From measurements at the ISR [18] we can
read off the cross-section E do/d>p at x = 1 — £ = 0.875.
This yields an approximate formula for the total 7T p cross-
section

Ot p(0.125'5)

~ T (Edo(q~0)>
T 1.73 GeV~2)S(s/s0,0.125, 0) d3p

do(q~0)
:mgaa@(g_gzr—) (37

where S(s/sg,0.125,0) ~ 0.68. For low energies this for-
mula gives reasonable predictions for the cross-section (see
Table 2 and Fig. 6) which are compatible with real 7 p

do mb do mb
&p' cev?
40 40

(a) 0.6 0.7 0.8 0.9 (b)

do mb Eﬂﬁ
&p ' gev?
40 40

Z
(c) 0.6 0.7 0.8 0.9 (d) 0.6 0.7 0.8 0.9

Fig. 4 Theoretical differential cross-section E do/d>p in mb/ GeV?
versus ISR data [18] for |q| ~ 0: a /s =30.6 GeV, b /s =44.9 GeV,
¢ /s =52.8 GeV, d /s = 62.7 GeV. Lower curves are the theoretical
predictions and upper curve are the predictions multiplied by factor 1.7

g do m o
&p’ gev? dz
2

20
15
10

5

Z
(a) 0.6 0.7 0.8 09 1 (b)

05 0.6 070509 1°

Fig. 5 Theoretical differential cross-sections: a Edo/d’p in
mb/GeV2 versus NA49 data [23] at /s = 17.2 GeV for |q| ~ 0;
b do/dz in mb versus PHENIX data [24] at 4/s = 200 GeV, from para-
metrizations (31) (solid) and (32) (dashed). Two curves coincide in (a)
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measurements [40] if we take into account reggeon correc-
tions.

An exact extraction procedure is more delicate since we
have to extrapolate doubly differential STE cross-sections
to the value ¢t = m% > 0 and then apply the procedure de-
scribed in the previous paragraph. Experimentally this is
rather difficult (see Sect. 5), since errors in ¢ are larger than
m% To get around this problem we extract cross-sections
for pions with low virtualities and assume that these val-
ues are close to reality. Figure 7 shows S, the model depen-
dent survival fraction described by (18). At ¢ — 0 it tends
to unity and so we can obtain a more model independent
cross-section o+ .

The differential cross-sections for the process p + p —
n+ X at \/s = 10 TeV are depicted in Figs. 8 and 9 for both
the Donnachie-Landshoff (31) and COMPETE (32) para-
metrizations. The total cross sections are listed in Table 3.
They are in the range 40—1300 ub for all values of &mnax
implying that we will have plenty of rate for the measure-
ments.

Total absorptive corrections 0¢ szE/0szE are about 0.35
in the kinematical region 107% < & < Emax = 0.15,
0.01 GeV? < || < 0.5 GeV2. The ratio of corrected to Born
cross-sections is rather small even for low ¢ and & values
(see Fig. 8). This fact is not surprising because the integra-
tion of the doubly differential STE cross-section in ¢ or &
includes regions where absorption is strong.

Table 2 Total 7+ p cross-sections extracted from the ISR [18],
NA49 [23] (first numbers), HERA [7] and PHENIX [24] (last two num-
bers) data. The last row shows numbers from COMPETE parametriza-
tion (32)

ﬁ, GeV On+tps mb G:‘(*'pé’ mb
9.4 20+ 3.75 23.2
10.8 21.4+23 23.19
15.9 22.8+1.9 23.55
18.7 214+1.6 23.85
22.2 232+1.5 24.27
50 31+3.6 27.43
70 259+4.5 29.3

Onp, mMb
35
32.5/a from PDG
30/ ® extracted
27.5
25
22.5
20
17.5 \/E, Gev

10 20 30 40 50 60 70

Fig. 6 o,+ P extracted from data [7, 18, 23, 24] and measured in real
experiments [40]. Two parametrizations (31) (solid) and (32) (dashed)
are also shown
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(b)

Fig. 7 Function S(s/sg,&,q;) at a /s = 62.7 GeV and
b /s = 10 TeV for different & values: & = 0.3 (dotted), & = 0.1
(dashed) and & = 10~* (solid)

dogrz 40515
d_§/ nb d_i'
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/ \\ 25 // \\
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/
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/
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Fig. 8 Partly integrated SmE cross-sections at /s = 10 TeV:
a,bdo/dg,0.01 GeV? < |t <0.5GeV?; ¢, ddo/dt, 1074 <£ <03
for Donnachie-Landshoff (31) (a, ¢) and COMPETE (32) (b, d) para-
metrizations. Born cross-sections (integrated (16)) are depicted as
dashed curves and corrected (integrated (17)) cross-sections are shown
by solid curves

do (g =0.2) mb
dgaq,? ' cev?

77~

50
40
30
20
10|

(b)

Fig. 9 Doubly differential SwE cross-sections do/dEdq? at
/s = 10 TeV for Donnachie-Landshoff (31) (solid) and COM-
PETE (32) (dashed) parametrizations at two different values of |q|:
a|q/=0GeV andb |q| =0.2 GeV
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Table 3 Total p + p — n + X cross-sections in the kinematical re-
gion 0 < |q| < 0.5 GeV, &pin = 1076 < & < Emax for two parametriza-
tions (31) (32)

&max 0.05 0.1 0.2 0.3

Opiponix ub  42(57)  175(244)  576(820)  921(1320)

At low energies the region of applicability of our model
is given by the inequalities

0.01 GeV? < |t] < 0.5 GeV?, 108 <£<04. (38)

At higher energies this region may be smaller (say & < 0.1),
since this corresponds to masses M = 3 TeV at /s =
10 TeV, and for large masses the formalism may break down.

4 Double pion exchange

As noted above, the Double pion Exchange (D E) inclusive
process can give information on both total and elastic 7
cross-sections. r cross-sections have been extracted in the
past using exclusive cross-section [5]. These attempts are
shown in Fig. 10. There is some tendency of the early flatten-
ing of the wm cross-sections. In 7p and pp cross-sections
this flattening begins at higher energies and precedes further
growth. Figure 11 shows the cross sections for w7 interac-
tions [6]. It is not clear if there is an early beginning in the
growth of the cross section or not.

We can extend the analysis for one pion exchange de-
scribed above to double pion exchange (Fig. 2b, DnE).
The kinematics is similar to the double pomeron exchange
process:

s o s
P &L(—l)’ lsii,qi : (39)
2 2
Pni = Pi — Pr;» (40)
1+8°
px =M* =&165p (@1 + q2)°
—my B2 (6L + &) + (1 + 12+ 2(m3 — my))
7 ® cross-sections in mb
n-p—a-atn - p — 7- - AH
200 . clolall
100 ' x o elastic
50 | 50
by ! Y
20 ty 201 |4, ]
p '| Ty i it
5 | 5 ETEE RN
. i{*'l 0 | . 1 fiit?i“}ll
i }[i LI
' 0 20 "'-'3'.10 40 10 Zo %0 | ap
M(n- nt), GeV M(n- n-), GeV

Fig. 10 Elastic and total cross-sections for 7 -7 and 7 7~ scat-
tering from the data on exclusive reactions as functions of the dipion
invariant mass (Fig. 5 from Ref. [5])

@ Springer

t 4ty + 2(m2 — m?
X<:32(§1+$2)+ LT, mn))
>~ £1&s,
2 2.2
_wm, (42)
1-§

The cross-section can be evaluated as follows:

doo(€1, 6. 9%, 43)
dg d& dq} dqs

2
= 1—[[(’"?)5? +4;) |55, q7) \z(lfﬁ}
i=1 !

(41)

X Op+ g+ (§1625),
do = Sy(s/s0, €12, (ﬁ,z)ddo,

5 Yo im0, P |Pij (s/50, 612, a7 H) P )
1= [(m2&2 + q2)| D5 i a2

5 _ NEINE)

(43)
(44)

K (2n)?
o0
< [ dbidn (b, 61, ), (b2 62, )
X [¢(b1, b)), (46)
b3
d
I5(b1. b2) =/ i’v(\/b% + b2 —2bibycose).  (47)
0o T
poo = mrE1£2, pos = mpé1,
P50 =mpé, pss = L. (48)
For low #; the function § is approximately equal to
F(&1,8) = S2(s/50,1,52,0,0)
~ (v/S(s/s0. &1, 0) + v/S(s/50,&,0)
—/S(s/50,&1,0)S(s/50, €1, 0) )7, (49)

which is clear from Figs. 12b, c. Total absorptive correc-
tions are about 0.3-0.5 for & < 0.3. Backgrounds can be
estimated in the analogous way as in S E.

T T T e T
_[ & Roberison et ot
(b)  ™*7T"{ 0 Honalon et al

tB———— = ST T T 50
16l (a)

e ' Con !
o } e )
. I _ . t A ° o XY
ot —F—_'q—j 4 1 g
Lol 3 E ]
. ; r
voer- x T 15 ! i
L " ZOL_ T o
° o . 6 21Geve 5 ‘H_(L e
11p1:1005-1)GeV? ¢ 558 Gev/e E 41 ‘5‘ rg\ §
ar ® 360 Gev/c 7 10 s N )
i 1
) ST EU N SR T P SO P

e
0 80 160 240 320 | 10 100 1000
sww (Gevd)

Fig. 11 Total cross-sections for ¥ “7 ~ (a, b) and 7+~ (b) scattering
from the data on inclusive 7~ +n — p+ X (a) and exclusive reactions
as functions of the dipion invariant mass squared (Fig. 4 from Ref. [6])
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7
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(d)

1076 < & < Emax for two para-

metrizations (31) (32) multiplied by 2/3 (quark counting rules), i.e.

Ontr+(8) = (2/3)07+ p(s)

Table 4 Total p + p — n + X + n cross-sections in the kinemati-

cal region 0 < |q| < 0.5 GeV, &nin

To obtain o, +,+ we can express it from formulae (43, 44)

and substitute the data on D E differential cross-section at

q; ~ 0. Since there are no data on this process, we can make

only predictions for higher energies. Numerically calculated
functions for D7 E are shown in Figs. 12 and 13 and listed in

0.1

0.05

%-max

Table 4 for both the Donnachie-Landshoff and COMPETE

parametrizations.

1.7(2.2)

0.08(0.1)

Op+p—n+X+n » “’b

10 TeV and focus on the

S5

The two Zero Degree Calorimeters

30, 31] could be used to measure the leading neu-
The ZDCs are placed on the both sides of CMS 140 m
away from the interaction point. They have electromagnetic

example we will take

ities

1

5 Experimental possi

CMS experiment [41].

lit

[

(ZDC)

trons.

The single and double pion exchange process could be

measured in the first few years of LHC running. As an
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n
Fig. 14 Pseudorapidity distributions for signal (S7E, D E) and background (SD, DD, MB) processes
Table 5 Ratio of S7E and
background before and after S7E : DrE SD : DD : MB S : B
selection (50)
NO (50) 1 : 0.08 54 : 3.8 : 19.2 1 : 28.4
(50) 1 : 0 0.8 : 0.8 : 1.2 1 : 2.7
Table 6 Ratio of DE and
background before and after DrE : S7E SD : DD : MB S : B
selection (51)
NO (51) 1 : 13 70 : 49 : 250 1 : 382
(51) 1 : 0.5 0 0.8 0.3 1 1.6

and hadronic sections designed to measure photons and neu-
trons in the pseudorapidity region || > 8.5. Similar detec-
tors have been widely used by the RHIC experiments since
2001 [42].

To study S7E and DE processes a generator has been
developed in the framework of a more general simulation
package EDDE [43]. The kinematics of S7E and DrE re-
actions are defined by the relative energy loss of &, and
the square of the transverse momentum ¢, for the leading
neutron. The vertex pn\:;tn is generated on the basis of
the model described above. PYTHIA 6.420 [44] is used for
the 7t p — X generation in the S7E and 7} 7t — X
generation in the D E. Inelastic processes, including single
and double diffractive dissociation (SD and DD) and mini-
mum bias events! (MB), have been studied as possible back-
ground for STE and DrE. All background processes have
been generated with PYTHIA 6.420. The cross sections for

signal and background at 10 TeV have the following ratio®:
DrE:S7xE:DD:SD:MB=0.2:2.6:9.7:14:50 mb.

Figure 14 shows pseudorapidity distributions for the signal
and background processes. All processes have leading neu-
trons in the acceptance of the ZDC, i.e. |n| > 8.5. Thus, SD,
DD, and MB can imitate St E and D E events and S7E can
be a strong background for D E measurement.

lUsually, MB in PYTHIA includes S7E(Dm E)-like events. Here, MB
means QCD non-diffractive minimum bias from PYTHIA with sub-
tracted S E and D E-like processes.

2Cross sections for SwE and D E are given for &, < 0.4

@ Springer

To reduce these backgrounds we have used the following
selections:

N/ >0 & N'=0 & & <04,

|:fo>0 & Nl=0 & &' <04 0
for S7E and

N/ >0 & NP>o,

{s,{'<0.4 & £ <04 el

for DE study. Here, N,{ (Nf ) is the number of neutrons

hitting the forward (backward) ZDC, é,{ (E,f ) is the relative
energy loss of the forward (backward) leading neutron. That
is, for SwE selection we choose events with energetic neu-
trons in the forward or backward ZDC and with no neutrons
in the opposite one. For D E, we select events with ener-
getic neutrons in the forward and backward ZDCs. These
cuts suppress ~90% of the background events for STE and
reduce the background for DrrE by a factor of 240, see Ta-
bles 5 and 6.

Nevertheless, the signal/background ratio remains ~1/3
for SwE and ~2/3 for D E. Figure 15 shows distributions
of £ and ¢t of the leading neutron and M = /€5 after the
cuts (50) listed above. Requiring ¢ (|t| < 0.25 GeVz) sup-
presses the S E background very efficiently. Unfortunately,
in the present design of ZDC this feature is supported very
restrictedly.’

3Electromagnetic part of ZDC could be used to measure horizontal
deviation of leading neutron with 50% efficiency [45].
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Fig. 15 Distributions of & and ¢
of the leading neutron and
M = \/Es for SnE, SD, DD and
MB events (selection (50))
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Fig. 16 Number of hits and
total energy deposit in the
forward and backward HF
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Table 7 Ratio of S7E to
background with selections (52) StE SD : DD : MB S : B
and (53)
(52) 1 0.013 0.06 0.48 1 0.56
(52)&(53) 1 0.005 0.02 0.055 1 0.08

We can of course also try to use the other CMS calorime-
ters to suppress the background. As an example Fig. 16
shows number of hits and the total energy deposit in the for-
ward and backward HF for both the SwE signal and back-
ground. Requiring

N/ >0 & N'=0 & & <04 & NHB.7

hits

N'>0 & N/=0 & & <04 & NHF-7
(52)
where Nﬂi is the number of hits in HF, makes both the SD

and DD background negligible, but it has no any influence
on the MB events. Table 7 shows signal/background ratios
with selection (52). In the mass region below 5000 GeV we
expect a signal/background ratio of ~10/6.

To suppress the minimum bias background we cut on the
t of the leading neutron:

|ta| < 0.2 GeV?. (53)

As shown in Table 7 this cut suppresses MB events by a fac-
tor of 8.7 and makes S/B ratio ~100/8. Figure 17 presents
M distribution for S E and background with selections (52)
and (53). The same S/B ratio for DrE process could be
achieved with selections

NIFF S 4 & NHB S 4 (54)
and
|t/| <0.3Gev? & 1] <0.3 GeV?. (55)

Nevent P
1000 1000 | MB -mmmmme
sD
DD
500 |- 500 |-
i g o id ] [o J_,_.%&—:r.’;’;' . N
2000 4000 6000 2000 4000 6000 p\ Gev

Fig. 17 M = /&,s distribution for S7E and background, selections
(52) (left) and (53) (right)

Nevent
400 DaE

~

00 |

2000 4000 M, GeV

" 2000 4000

Fig. 18 Distribution in M =/ f;‘,{ E,fs for D7 E and background, se-
lections (54) (left) and (55) (right)

Table 8 shows ratios for D7 E and background with selec-
tions (54) and (55). Figure 18 presents M distribution for
D E and background with selections (54) and (55).

6 Discussions and conclusions

Our generator level study shows that it could be possible
to observe STE and D7 E in the first runs of CMS detector

@ Springer
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Table 8 Ratio of D7 E to
background with selections (54) DrE : S7E SD : DD : MB S : B
and (55)
54) 1 : 0.47 0.0 : 0.03 : 0.2 1 : 0.7
(54)&(55) 1 : 0.06 0.0 : 0.005 0.004 1 : 0.07

at LHC. Some modifications of the ZDC is required in order
to measure ¢ of the leading neutron. Using combination of
2 simple cuts, for N hits in HF and ¢,, one could suppress
background by a factor of ~760 for STE and ~9500 for
DrE with an efficiency of ~35% of S E events and ~60%
of DE. Without modifying the ZDC we expect to see
SmE events mixing with MB events in the ratio SwmE/MB
~ 10/6 and D7 E mixing with S7E and MB in proportions
DrE/(MB + S7E) ~ 10/(5 + 2). Thus, we could still esti-
mate cross sections of STE and D E production at 10 TeV.
For more realistic estimations a full MC study should be
performed including detector simulation and pile-up back-
ground.

As was said the main motivation for this work is the
extraction of the total wp and w7 cross-sections from the
proton-proton scattering measurements. The procedure is
quite simple at low values of ¢, because the absorptive factor
goes to unity and backgrounds are completely suppressed.
This rich data set would allow us to check predictions of dif-
ferent models for strong interactions, quark counting rules
and so on. Our next task is an exact estimation of back-
grounds presented in Figs. 1b, c, d (especially p, a> ex-
changes) to ensure that the extraction procedure is correct.
This analysis has used several parametrizations for the total
cross-sections, all of which show similar behavior. Unfortu-
nately, the present data on SwE are not so clear (because of
problems in normalization), so we can make only more or
less plausible estimations for LHC energies.

The main background for the single and double pion ex-
change comes from minimum bias events. If we integrate
over t we find a signal to background ratio for STE and
DrE is about 1.5-2. It can be increased significantly only if
we use a cut || < 0.2-0.3 GeVZ (which was done, for ex-
ample, in low-energy experiments). Since a precision mea-
surement of #, is not possible with the present design of the
ZDC, precise extraction of wp and 7w cross-sections will
have to await an upgrade of the ZDC [45]. Nevertheless, we
should be able to get rough estimates of the 7p and 7w
cross-sections in the first LHC run.

It should be noted that the ALICE and ATLAS, ZDCs
have more advanced designs than the CMS ZDC. The AT-
LAS ZDC [46] has a complex structure consisting of quartz
rods and strips, that allows to measure coordinates of neu-
tron hits with spatial resolution better than 1 mm for high
energy neutrons. This corresponds to ¢-resolution &¢/|¢| ~
0.2/ |t|[GeV2] for 5 TeV neutrons at 140 m, which should
allow for an effective background suppression as well as for

@ Springer
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Fig. 19 Processes for the measurements of parton distributions in pi-
ons

the extraction of 77 p and w7 ™ total cross section. The
ALICE ZDC [47] is segmented into 4 independent towers in
the front cross section, which is not sufficient for a precise
measurement of ¢ but should still allow some measurement
of single and double pion exchange [48].

By looking at leading neutrons in combination with two
jets it may be possible to study the parton distribution of
the pion at low x and high Q2. This process is shown in
Fig. 19. However cross-sections for hard processes are small
so this measurement will have to wait for high luminocity
runs. It seems to be fairly realistic, especially taking into
account new prospects for high-energy 7 p interactions. The
investigation of STE and DxE processes can also provide
us with unique measurements of 7p and w7z elastic cross-
sections.

In conclusion we reiterate that measuring the wp and 7
total cross-sections at several TeV is of exceptional impor-
tance. The physics potential of these cross sections will eas-
ily justify the effort required for their measurement.
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