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PROTON ELASTIC SCATTERING
AT THE LARGE HADRON COLLIDER

At the world biggest accelerator, the Large Hadron Collider (LHC), now operating at
CERN (Geneva), protons are boosted to a velocity close to that of light, which means that
processes there are absolutely relativistic, and thus all the relevant formalism should be
based on non-euclidean geometry, developed almost two centuries ago by Bolyai, Gauss
and Lobachevsky. A detailed analysis of proton elastic scattering in the kinematical
region of the Large Hadron Collider (LHC) is presented.
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Introduction

At the world biggest accelerator, the
Large Hadron Collider (LHC), now operating
at CERN (Geneva), protons are boosted to a
velocity close to that of light, which means that
processes there are absolutely relativistic, and
thus all the relevant formalism should be based
on non-Euclidean geometry, developed almost
two centuries ago by Bolyai, Gauss and
Lobachevsky.

The present contribution is an update of
recent papers [1], in which elastic proton
scattering was studied. In those papers a
simple dipole Pomeron (DP) model
reproducing the structure of the first and
second diffraction cones in pp- and pp

scattering was developed. The simplicity and
transparency of the model enables one to
control various contributions to the scattering
amplitude, in particular the interplay between
the C-even and C-odd components of the
amplitude, as well as their relative
contribution, changing with s and t.

The possible extensions of DP model
include:

« The dip-bump structure typical to
high-energy diffractive processes;

+ Non-linear Regge trajectories;

+ Possible Odderon (C-odd asymptotic
Regge exchange);
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- Compatible with s- and t-channel

unitarity.

Here we consider the spin less case of
the invariant high-energy scattering amplitude,
A(s,t), where s and t are the usual Mandelstam
variables. The basic assumptions of the model
are: 1. The scattering amplitude is a sum of
four terms, two asymptotic (Pomeron (P) and
Odderon (O)) and two non-asymptotic ones or
secondary Regge pole contributions, where P
and f have positive C-parity, thus entering in
the scattering amplitude with the same sign in
pp- and pp -scattering, while the Odderon and
o have negative C-parity, thus entering pp-
and pp -scattering with opposite signs, as
shown below:

Als,t)e = Au(s,t)+ A (s,t) £
£[A, (.1 +Ay(s.1)]

where the symbols P, f, O, @ stand for the
relevant Regge-pole amplitudes and the
super(sub)script, evidently, indicate pp(pp)
scattering with the relevant choice of the signs
in the sum (1). 2. We treat the Odderon, the
C-odd counterpart of the Pomeron on equal
footing, differing by its C-parity and the
values of its parameters (to be fitted to the
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data). We examined also a fit to pp scattering
alone, without any Odderon contribution. The
(negative) result is presented in Sec. 3. 3. The
main subject of our study is the Pomeron and
the Odderon, as a double poles, or DP, see [1],
lying on a nonlinear trajectory, whose
intercept is not equal to one. This choice is
motivated by the unique properties of the DP:
it produces logarithmically rising total cross
sections at unit Pomeron intercept. By letting
a,(0)>1, we allow for a faster rise of the

total cross section, although the intercept is
about half that in the DL model since the
double pole (or dipole) itself drives the rise in
energy. A supercritical Pomeron trajectory,
a,(0)>1 in the DP is required by the
observed rise of the ratio o, /o, , oOf,

equivalently, departure form geometrical
scaling. The dipole Pomeron produces
logarithmically rising total cross sections and

nearly constant ratio of o,/o, at unit
Pomeron intercept, «,(0) =1. In addition this

mild logarithmic increase of o, does not

supported by the result of the last experiment
at LHC for energy 7 TeV

O = (98.3£2.8+£0.02) mb [2]. Along with
the rise of the ratio o, /o, beyond the SPS

energies requires a supercritical DP intercept,
a,(0)=1+0, where o is a small parameter

o, (0) ~ 0.05.

2. The model

We use the normalization:

dO'

|A(s t)) and o, = i Im A, (2
dt s

Neglecting spin dependence, the
invariant proton(antiproton)-proton elastic

scattering amplitude is that of Eq. (1). The
secondary Reggeons are parametrized in a
standard way with linear Regge trajectories
and exponential residua, where R denotes f or
@ — the principal non-leading contributions to
pp or pp scattering:

A (s,1) =age ™0™ (s,5,) " (3)
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with handbook slopes «; (t)=0.84 and

a, (t) =0.93. The values of other parameters
of the Reggeons are quoted in Table 1. As

argued in the Introduction, the Pomeron is a
dipole in the j-plane

Ap(sl)= i[e-im g (@p)(8,5)"" ]:

_ ol (4)
eImP(t)/Z(S,SO)QP [G ((ZP)-I-

(L-i7/2)G (a,)]

Since the first term in squared brackets
determines the shape of the cone, one fixes

G'(a,) =—a,el* (5)

where G(e,)Is recovered by integration, and,
as a consequence, the Pomeron amplitude Eqg.
(4) can be rewritten in the following
"geometrical” form (for the details of the
calculations see [1] and references therein)

Ap (S,t) = | baPSS [r 12(5) erlz(s)[llp—l] _gp rZZ(S)erzz(S)[ap—ll , (6)
P ~o
where
r2(s)=b, +L—iz/2,
rP=L-iz/2, L=In(s/s,) (7)

We use a representative example of the
Pomeron trajectory, namely that with a
two-pion square-root threshold, Eg. (8),
required by t-channel unitarity and accounting
for the small-t "break" [16],

apEap(t):1+5P+alpt—azp(m—2m,,), (8)

where m_ — pion mass.

8. S rlO ao— rzo 0(0—
Ao(s,t)=b° [rzlo(s)e Oleotl_g y2(s)e 0! 1] )
OSO
where
r5(s)=by +L—iz/2,
2 =L-iz/2, L=In(s/s,) (10)
and

a, an(t)zl+5o+a1ot_azo( 4m’ -t —Zm”), (11)

The form and properties of Odderon
trajectory is the same along with the scale
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value s,=100 GeV’. The adjustable parameters
are: J,,ap,8,,0,,6, for the Pomeron and

Tio,80,04,05,6, for the Odderon. The

results of the fitting procedure is presented
below.

3. Fitting procedure

The model contains (at most) 16
parameters (depending on the choice of the
trajectories) to be fitted to about 1200 data
points simultaneously in s and t. By a
straightforward minimization one has little
chances to find the solution, because of
possible correlations  between  different
contribution and the parameters, including the
P—f and O— @ mixing and the unbalanced role
of different contributions/data points. To
avoid false x> minima, we proceed
step-by-step: we first fit the model to the
forward data: the total cross section and the
ratio p = Re A(s,t =0)/ImA(s,t =0), starting
with the dominant Pomeron contribution with
the sub-leading Reggeons, then we perform
the fit for first cone and finally adding the
Odderon to the whole region of momentum
transfer. The compiled data (see [1]) were
used in our fitting procedure. The data are:
total pp and pp cross section measurements
spanning energy range from 5to 7 TeV and to
2.0 TeV, respectively. First of all we check the
possible best fit for forward scattering, i.e.
fitting the total cross section o(s) and p(S)
for a well established set of this type of data
plus the new measurement at 7 TeV [2]. We
perform also a fit to pp data alone, see the
previous Section, to see whether the observed
dynamics of dip can be reproduced by the
Pomeron alone. The contribution to the global
2?2 from tiny effects, such as the small -/t
"break™ in the first (and second) cone, possible
oscillations in the slope of the cone(s) etc.
should not corrupt the study of the dynamics in
the dip-bump region. The differential elastic
scattering cross section cover the momentum
transfer range |t/ =0.05-15 GeV? Next, we
included in the fit the differential cross
sections in first cone chosen, somewhat

subjectively for [t|<0.5 GeV® along with

forward data, to determine the remaining
parameters of the Reggeons and the Pomeron,
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b,,b, for Reggeons, a,,b,,,, and «,, for
the Pomeron, important in first cone. Among
the parameters of the previous fit we fixed the
parameters responsible for rise of the total
Cross section.

Table 1

Parameters, quality of the fit and
predictions of o, obtained in the whole

interval insand t

Parameter Value Errar
ap 269 5
ba, Gel™? 6.93 0.06
Uy ps Gel™? 0474 0.006
qp 0.0060 0.0010
dp 0.0304 0.0031
£p 0.0167 0.0005
dp 0.160 0.006
by, Gel™? 1.79 0.09
o, Gel™? 0.276 0.008
g 0.339 0.017
S, 0.106 0.008
&g -0.223 0.032
a,; -13.2 01
o 0.790 0.004
E:’,-, Gel™ 424 0.15
a, 851 0.32
x, 0.473 0.012
b, Gel™? 13 fixed
¥ idof 3.55

o, (1Tel) 98.1=x01

T, (14TeV) 1114=01

5. Conclusions

A basic problem in studying the Pomeron
and Odderon is their identification i.e. their
discrimination from other contributions.
Although this procedure is model-dependent,
we try to do this possibly in a general way. The
aim of the present paper was to trace the
Pomeron and Odderon contribution under
conditions accessible within LHC kinematics.
This was feasible due to the simplicity of the
model, which has the important property of
reproducing itself (approximately) against
unitarity (absorption) corrections, that are
small anyway.

We have presented the "minimal version"
of the DP model. It can be further extended,
refined and improved, while its basic features
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Figure 1. Differential pp (a) and pp (b) cross

sections calculated from the model, Egs. (2)-(9) with the
Odderon term (10)-(12) and fitted to the data in the

range —t =0.1—15 GeV 2.
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Figure 2. (a) Ratio of the real to imaginary part for pp
and PP scattering amplitude calculated from the
model. (b) PP and PP total cross sections calculated
from the model, Eq. (2)- (9), and fitted to the data in the
range Js =5GeV —7TeV model. The red curve
presents the PP calculation, the blue one corresponds

to pp.
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Figure 3. Differential PP cross sections fitted without

the Odderon term to the ISR data, calculated from the
model Section 2.
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Figure 4. pp differential cross section at 7 TeV
calculated from the model. The dashed line corresponds
to the Pomeron contribution, the dotted line to that of
the Odderon, and solid line to the differential cross
section.
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remain intact. The anticipated rescaling of the
LHC energy down to that of the highest
Teavatron energy may provide a definite
answer to the questions concerning the
Odderon in pp vs. pp scattering, raised in the

present paper.
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. Ximuu™, O.1. JIengen®, 3. Topuu®, 1. Typo
! VY KropoJChbKHUil HAIliOHANBHUIN YHIBEpCUTET, YKpaiHa

2 [acturyt enextponnoi ¢izuku, HAH Ykpainu, ¥Yxropoa

HPYZKHE PO3CISIHHA IIPOTOHIB
Y BEJIUKOMY AJPOHHOMY KOJAUAEPI

VY HaiibinemoMy B cBiTi mpuckopioBaui Large Hadron Collider (LHC), LIEPH,
JXeneBa, MPOTOHM TPUCKOPIOIOTHCS IO MIBHIAKOCTI, OJIM3BKOI 10 HIBHIKOCTI CBITJ]A.
TakuMm 9mHOM, TIPOIECH B HHOMY aOCONIOTHO PENATHBICTCHKi, TOMY BCi BiIMOBIiTHI
(opmaitizMu MOBHHHI OyTH IPYHTOBaHI Ha HEEBKIIIIOBIH reoMeTpii, po3po0OiieHii Maike
nBa croiitrs Tomy bosi, ['ayccom i1 JlobaueBchkum. [IpencraBneHo neraibpHUil aHami3
NPY>KHOTO PO3CISIHHS TNPOTOHIB B KiHEeMaTH4Hid oOmacti Bemukoro anpoHHOro

KoJlaiaepa.

KoarouoBi cjioBa: Benmkuii aJpoHHUI KoJaiiiep, NPOTOHH, HEEBKJIII0BA T€OMETPIsl.

1 2 2 1
. Xumnu~, A.W. Jlennen”, 3. Topuu”, U. Typoun
! VYKropoackuil HallMOHAIBHBIA YHUBEPCUTET, Y KpanHa
2 Wuctutyt snextporHoit pusuku, HAH Ykpaunsl, Yxropon

YIIPYI'OE PACCESAHHUE ITPOTOHOB
B FOJIBILIOM AJIPOHHOM KOJIJIAWJAEPE

B kpymmeiimem B mupe yckoputene Large Hadron Collider (LHC), LIEPH, JKenera,
MIPOTOHBI YCKOPSAIOTCSA JO CKOPOCTH, OJIM3KOM K CKOPOCTH CBeTa. Takum oOpa3om,
MpoIlecCHl B HEM aOCOJIIOTHO PENSTHBHUCTCKHE, IIO3TOMY BCE COOTBETCTBYIOIINE
(hopManu3Mbl TOJKHBI OBITh OCHOBaHBI Ha HEEBKIUIOBON T€OMETpUH, pa3paboTaHHOM
MoYTH J1Ba Beka Haszal bosiin, ['ayccom u JlobaueBckum. IlpencraBien moapoOHBIi
aHalIM3 YIPYroro paccesiHWs NPOTOHOB B KHHEMaTH4YecKoil obnactu bBosbimoro

aJpOHHOTO KoJulaiaepa.

KaroueBble cioBa: OoJbLION aJpOHHBIH KOJIaliaep, NPOTOHBI, HEEBKIIHMIOBAS

reomMeTpus.



