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A systematic phenomenological investigation of high energy pp and pp elastic scattering
has led to a physical picture of the proton. The proton appears to consist of an outer
region of qd condensed ground state, an inner shell of topological baryonic charge and a
core where valence quarks are confined. It is, therefore, a ‘chiral bag’ (a low energy model
of nucleon structure) enclosed by the qg condensed state — a ‘Condensate Enclosed Chiral
Bag’. Based on this picture, we predict pp elastic do/dt at LHC at /s= 14 TeV and |¢|=0
~ 10 GeV? and compare our prediction with those of a number of leading models. Precise
measurement of do/dt by the TOTEM Collaboration will be able to distinguish between
these models.

High energy proton-proton (pp) and antiproton-proton (pp) elastic scattering measurements
have been at the frontier of accelerator research since the early seventies, when pp elastic
scattering was measured at the CERN ISR Collider over a wide range of energy and momentum
transfer. This was followed by measurement of pp elastic scattering at the Fermilab in a fixed
target experiment, then by pp elastic scattering measurements at the CERN Super Proton
Synchrotron (SPS) Collider and, finally, in the nineties by pp elastic scattering measurement
at the Fermilab Tevatron. Table 1 chronicles this sustained and dedicated experimental effort
by physicists extending over quarter of a century as the centre-of-mass (c.m.) energy increased
from the GeV region to the TeV region. With the start-up of the LHC on the horizon, a
detailed plan has been underway to measure pp elastic scattering at c.m. energy 14 TeV (seven
times the c.m. energy of the Tevatron) over a wide range of momentum transfer (|¢| ~ 0.003
—10.0 GeV?) by the TOTEM Collaboration. On the other hand, the ATLAS Collaboration
plans to measure pp elastic scattering at 14 TeV in the very small momentum transfer range
(Jt] =~ 0.0006 — 0.1 GeV?), where the pp Coulomb amplitude and strong interaction amplitude
interfere.

A phenomenological investigation of high energy pp and pp elastic scattering was begun by
Islam et al. in the late seventies with the goal to quantitatively describe the measured elastic
differential cross sections — as the c.m. energy increased and as one proton probed the other at
smaller and smaller distances (when the momentum transfer increased). This investigation has
now been pursued for three decades and has led to: 1) a physical picture of the proton, and 2)
an effective field theory model underlying that picture [1]. The proton appears to have three
regions (Fig. 1): an outer region of quark-antiquark (q@) condensed ground state, an inner shell
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Figure 1: Physical picture of the proton — a condensate enclosed chiral bag.

of baryonic charge - where the baryonic charge is geometrical or topological in nature (similar
to the ‘Skyrmion Model’ of the nucleon) and a core region of size 0.2 fm - where valence quarks
are confined. The part of the proton structure comprised of a topological baryonic charge shell
and three valence quarks in a small core has been known as a chiral bag model of the nucleon
in low energy studies [2]. What we are finding from high energy elastic scattering then— is that
the proton is a ‘Condensate Enclosed Chiral Bag’.
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Figure 2: Elastic scattering processes (from left to right): 1) diffraction, 2) w exchange, 3)
short-distance collision (b < 0.1 fm).

The proton structure shown in Fig. 1 leads to three main processes in elastic scattering
(Fig. 2): 1) In the small |¢| region, i.e., in the near forward direction, the outer cloud of qg
condensate of one proton interacts with that of the other giving rise to diffraction scattering.
This process underlies the observed increase of the total cross section with energy and the
equality of pp and pp total cross sections at high energy. It also leads to diffraction minima,
as in optics, which can be seen in our Fig. 7. 2) In the intermediate momentum transfer
region (|t| ~ 1 — 4 GeV?), the topological baryonic charge of one proton probes that of the
other via vector meson w exchange. This process is analogous to one electric charge probing
another via photon exchange. The spin-1 w acts like a photon — because of its coupling with
the topological baryonic charge. 3) In the large |t| region: |[t| Z 4 GeV?, one proton probes the
other at transverse distances b <1/q (¢ = \/|t|), i.e., at transverse distances of the order of 0.1
fm or less. Elastic scattering in this region is viewed in our model as the hard collision of a
valence quark from one proton with a valence quark from the other proton as shown in Fig. 3.
We refer to elastic scattering with |t| 2 4 GeV? as deep-elastic scattering.
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Figure 3: Hard collision of a valence quark of 4—-momentum p from one proton with a va-
lence quark of 4—momentum k from the other proton, where the collision carries off the whole
momentum transfer q.

Let us next see how the above three processes are described in our calculations. Diffraction is
described by using the impact parameter representation and a phenominological profile function:
Tp(s,t) =ipW [ bdb Jo(bq)T p(s,b); (1)



¢ is the momentum transfer (¢ = \/|¢|) and I'p(s,b) is the diffraction profile function, which is
related to the eikonal function xp(s,b): T'p(s,b) =1 —exp(ixp(s,b)). We take I'p(s,b) to be
an even Fermi profile function:

I'p(s,b) = 9(3)[1_,_@@312)/@) + 1+e—(}7+R)/a —1]. (2)

The parameters R and a are energy dependent: R = Ry + Ri(Ins—2 ), a = ao + a1 (Ins—Z);
g(s) is a complex crossing even energy-dependent coupling strength.
The diffraction amplitude we obtain has the following asymptotic properties:

1. otot(s) ~ (ap + a1 1ns)? (Froissart-Martin bound)

2. p(s) = s (derivative dispersion relation)

3. Tp(s,t) ~is In®s f(|t| In?s) (Auberson-Kinoshita-Martin scaling)
4. TPP(s,t) = THP(s,t) (crossing even)

Incidentally, the profile function (2) has been used by Frankfurt et al. to estimate the
absorptive effect of soft hadronic interactions (gap survival probability) in the central production
of Higgs at LHC [3].

The w-exchange amplitude in our model is given by
Tu(s,t) = +yexpli X(5,0)] 5 754 (3)

2 _¢9
mg —t

where the + signs refer to pp and pp scattering. The factor of s shows that w behaves like an
elementary spin-1 boson, while the two form factors indicate w is probing two baryonic charge
distributions — one for each proton. The factor exp[i X(s,0)] comes from absorption due to the
cloud-cloud interaction in w exchange (Fig. 2).
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Figure 4: QCD processes for valence quark—quark scattering: (left) exchange of gluons in the
form of ladders; (right) low—x gluon cloud of one quark interacting with that of the other.

For deep-elastic qq scattering, we have considered two QCD processes: Fig. 4. The first
involves the exchange of reggeized gluon ladders (a BFKL ladder): figure on the left, plus next-
to-leading-order corrections. We refer to this process as ‘hard pomeron’ exchange. Our hard
pomeron amplitude is given by [4]

T(3,t)=iqnp é (3e715)" —L—~. (4)

(+2%)
The energy dependence of this amplitude goes like §!1“ where § is the c.m. energy squared of
the two colliding valence quarks. § = (p + k)? and w = 0.13 — 0.18 [5]. We have used the value
w = 0.15 in our calculations.
The other QCD process we have considered in Fig. 4 is where the low-x gluon cloud of one



quark interacts with that of the other: figure on the right. The corresponding amplitude is

given by [6]

6,0 =i § (378)" —hapeny. (5)
(1:22)

Its energy dependence goes like §'**, where A\ was found to be 0.29 by Golec-Biernat and

Wiisthoff (GBW Model) [7]. We used this value in our calculations.
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Figure 5: Left figure shows our calculated total cross section o4 (s) as a function of /s (solid
curve). Right figure shows our calculated ppp (solid curve) and pp, (dashed curve) as functions

of \/s.
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Figure 6: Solid curves show our calculated do/dt at /s = 546 GeV, 630 GeV and 1.8 TeV.

The parameters in our model are determined by requiring that the model should describe
satisfactorily the asymptotic behaviour of o¢¢(s) and p(s) as well as the measured pp elastic
do/dt at /s= 546 GeV, 630 GeV, and 1.8 TeV. The results of this investigation together
with the experimental data are presented in Figs. 5 and 6 [1]. We obtain quite satisfactory
descriptions. The dotted curves in Fig. 5 represent the error bands given by Cudell et al.
(COMPETE Collaboration) to their best fit [8].

Our predicted pp elastic do/dt at c.m. energy 14 TeV due to the combined three processes—
diffraction, w exchange, and valence quark-quark scattering (from hard pomeron exchange)
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Figure 7: The solid curve shows our predicted do/dt at LHC at /s = 14 TeV due to the
combined three processes— diffraction, w exchange, and valence quark—quark scattering (from
hard pomeron exchange). Also shown are separate do/dt’s due to diffraction (dotted curve), w
exchange (dot—dashed curve), and valence quark—quark scattering (dashed curve).
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Figure 8: Left figure shows our calculated do/dt for pp elastic scattering at /s = 541 GeV in

the Coulomb-hadronic interference region together with the experimental data[11]. Right figure

presents our predicted do/dt for pp elastic scattering at /s = 14 TeV in the Coulomb-hadronic

interference region.
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Figure 9: Our predicted do/dt at LHC at c.m. energy 14 TeV with q—q scattering due to gluon
ladders (solid curve) and low—x gluon cloud—cloud interaction (dashed curve). Also shown are
predicted do/dt of four other dynamical models [12, 13, 14, 15].



is shown in Fig. 7 [1]. Also shown are separate do/dt’s due to diffraction (dotted curve), w
exchange (dot-dashed curve), and valence quark-quark scattering (dashed curve). At /s = 14
TeV, our calculated values for o.; and ppp, are 110 mb and 0.120, respectively.

Fig. 8 (left) shows our calculated do/dt for pp elastic scattering at /s = 541 GeV [1] in
the Coulomb-hadronic interference region using the Kundrét—Lokajicek formulation [9] and the
West-Yennie formulation [10]. Experimental data are from Augier et al. [11]. Right figure in
Fig. 8 presents our predicted do/dt for pp elastic scattering at /s = 14 TeV [1] in the Coulomb-
hadronic interference region using the Kundrét—Lokajicek formulation (upper curve) and the
West-Yennie formulation (lower curve). The straight lines in Fig. 8 represent do/dt due to our
hadronic amplitude by itself. The ATLAS ALFA experiment plans to measure pp do/dt in this
region at LHC.

Finally, in Fig. 9, we show our predicted pp elastic do/dt at /s = 14 TeV with quark-
quark scattering due to hard pomeron exchange (solid line) and due to low-x gluon cloud-
cloud interaction (dashed line) and compare with the predicted do/dt of four other dynamical
models [12, 13, 14, 15]. A distinctive feature of our predicted do/dt is that the differential
cross section falls off smoothly beyond the bump at [t| ~ 1 GeV?2. In contrast, the other models
predict visible oscillations in do/dt. Furthermore, these models lead to much smaller differential
cross sections than ours in the large |t| region: |t| Z 5 GeV?.

If the planned measurement of elastic do /dt by the TOTEM Collaboration in the momentum
transfer range [t| ~ 0 — 10 GeV? shows quantitative agreement with our predicted do/dt, then
the underlying picture of the proton—a ‘Condensate Enclosed Chiral Bag’ (as shown in Fig. 1)
will be supported. The consequent discovery of the structure of the proton at LHC at the
beginning of the 21st century will be analogous to the discovery of the structure of the atom
from high energy a- particle scattering by gold atoms at the beginning of the 20th century.
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