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Collisions of Flux Tubes Can Produce Ridge Phenomena 



An illustration of the collision of oriented flux tubes – i.e., high-density gluonic strings –

is given in fig. 1.

u d

u
du

u
u d

u
du

u Quark-Gluon
Plasma

8-2013
8825A7

Emitted
Hadrons

High PT

Highest dN
dd dq

(a) (b) (c)

FIG. 1: (a) Collisions of oriented flux tubes (high-density gluonic strings ) acting between a quark

and diquark configuration in each proton projectile in pp inelastic collisions. The tubes are shown

projected onto the impact plane, which is perpendicular to the velocities of the two protons. As

drawn, the tubes would miss each other, giving negligible contribution to the ridge signal. (b) When

the flux tubes overlap, the plasma produced by the collisions of the line sources moves horizontally,

and is subject to two-dimensional hydrodynamic expansion, whereas the hadronic density moving

vertically is subject to the usual three-dimensional expansion. (c) Most of the energy density in the

transverse direction is emitted as hadrons adjacent to the leading edge of the (transverse) pulse.

When such a high multiplicity event occurs, almost all of the center-of-mass energy is

expected to be expended in particle production; relatively little should be radiated down the

beam directions. We estimate roughly that dET/d⌘ in the central region of rapidity could

be of order 10 � 20 GeV for these events: The transverse dimensions of the overlapping

flux tubes correspond to 1 � 2 GeV of momentum. If one has independent emissions for

every piece of the flux tube of length equal to the transverse dimension, then it is reasonable
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Possible multiparticle ridge-like correlations in very high multiplicity proton-proton collisions  

J.D.  Bjorken, A. S Goldhaber, sjb 



Ridge creation in            
Utra-Peripheral pp scattering 
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Origin of flux tube: color confinement potential 
Light-Front Holography: U(b2?, x) = 
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Collisions of Strings
• Virtual photon polarization correlates quark-

antiquark plane with the proton scattering planes

• quark-antiquark plane aligned with proton 
scattering plane

• quark-antiquark pair distribution determined from 
virtual photon LFWF 

• estimate multiplicity from flux tubes of colliding 
strings between two aligned quark-antiquark pairs
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EIC: Virtual Photon-Proton Collider

variable spacelike photon virtuality 
various primary flavors

Study Ridge Phenomena with 
Controlled source

proton or ions

p

Perspective from the photon-proton collider frame
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photon and proton fragmentation vs. central regions

Saturation, nuclear shadowing, antishadowing
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Useful Theory Tool: 
“Fool’s ISR Frame”
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Figure 1: Nuclear correction factor R according to Eq. 1
for the differential cross section d2σ/dx dQ2 in charged
current neutrino-Fe scattering at Q2 = 5 GeV2. Results
are shown for the charged current neutrino (solid lines)
and anti-neutrino (dashed lines) scattering from iron.
The upper (lower) pair of curves shows the result of our
analysis with the Base-2 (Base-1) free-proton PDFs.

Figure 2: Predictions (solid and dashed line) for the
structure function ratio F F e

2 /F D
2 using the iron PDFs

extracted from fits to NuTeV neutrino and anti-neutrino
data. The SLAC/NMC parameterization is shown with
the dot-dashed line. The structure function F D

2 in the
denominator has been computed using either the Base-2
(solid line) or the Base-1 (dashed line) PDFs.

(significant) dependence on the energy scale Q, the atomic number A, or the specific observable.
The increasing precision of both the experimental data and the extracted PDFs demand that the
applied nuclear correction factors be equally precise as these contributions play a crucial role in
determining the PDFs. In this study we reexamine the source and size of the nuclear corrections
that enter the PDF global analysis, and quantify the associated uncertainty. Additionally, we
provide the foundation for including the nuclear correction factors as a dynamic component of
the global analysis so that the full correlations between the heavy and light target data can be
exploited.

A recent study 1 analyzed the impact of new data sets from the NuTeV 3, Chorus, and E-
866 Collaborations on the PDFs. This study found that the NuTeV data set (together with the
model used for the nuclear corrections) pulled against several of the other data sets, notably the
E-866, BCDMS and NMC sets. Reducing the nuclear corrections at large values of x reduced
the severity of this pull and resulted in improved χ2 values. These results suggest on a purely
phenomenological level that the appropriate nuclear corrections for ν-DIS may well be smaller
than assumed.

To investigate this question further, we use the high-statistics ν-DIS experiments to perform
a dedicated PDF fit to neutrino–iron data.2 Our methodology for this fit is parallel to that of
the previous global analysis,1 but with the difference we use only Fe data and that no nuclear
corrections are applied to the analyzed data; hence, the resulting PDFs are for a bound proton
in an iron nucleus. Specifically, we determine iron PDFs using the recent NuTeV differential
neutrino (1371 data points) and anti-neutrino (1146 data points) DIS cross section data,3 and
we include NuTeV/CCFR dimuon data (174 points) which are sensitive to the strange quark
content of the nucleon. We impose kinematic cuts of Q2 > 2 GeV and W > 3.5 GeV, and obtain
a good fit with a χ2 of 1.35 per data point.2

2 Nuclear Correction Factors

We now compare our iron PDFs with the free-proton PDFs (appropriately scaled) to infer the
proper heavy target correction which should be applied to relate these quantities. Within the

Extrapolations from  NuTeV

SLAC/NMC data

Q2 = 5 GeV2

Scheinbein, Yu, Keppel, Morfin, Olness, Owens

No anti-shadowing in deep inelastic neutrino scattering !

Non-Universal -- Quark Specific?



Do Nuclear Distributions satisfy 
the momentum sum rule?

• NuTeV Antishadowing not apparent in charged current DIS

• Momentum sum rule on nuclei evidently not satisfied since no 
compensation of shadowing and antishadowing

• Gribov-Glauber-Stodolsky theory of shadowing involves complex phase 
structures: destructive interference of two-step and one-step amplitudes

• Light-Front wavefunctions of the QCD eigenstate of stable  hadrons are 
real. Shadowing and antishadowing are dynamical effects of scattering 
— not included in the LFWFs

• Shadowing contributions to the virtual Compton amplitude of nucleus 
involve multistep processes: not short-distance dominated

• Momentum and other sum rules: not proven by OPE arguments



The one-step and two-step processes in DIS
on a nucleus.

Coherence at small Bjorken xB :
1/MxB = 2�/Q2 � LA.

If the scattering on nucleon N1 is via pomeron
exchange, the one-step and two-step ampli-
tudes are opposite in phase, thus diminishing
the q flux reaching N2.

� Shadowing of the DIS nuclear structure
functions.

Diffraction via Reggeon Exchange gives constructive 
interference!

Anti-shadowing



Antiquark interacts with target nucleus at
energy ŝ ⇤ 1

xbj

Regge contribution: ⇥q̄N ⇥ ŝ�R�1

Shadowing of ⇥q̄M produces shadowing of
nuclear structure function.
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Antiquark interacts with target nucleus at
energy ŝ ⇤ 1

xbj

Regge contribution: ⇥q̄N ⇥ ŝ�R�1 gives F2N ⇥
x1��R

Nonsinglet Kuti-Weissko� F2p � F2n ⇤
⌅

xbj
at small xbj.

Shadowing of ⇥q̄M produces shadowing of
nuclear structure function.
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 Stan BrodskyHadronization at the Amplitude Level 
from LF Holography

Parton Showers
27-29 March 2017

Non-singlet 
Reggeon 
Exchange

x0.5

Kuti-Weisskopf 
behavior



Phase of two-step amplitude relative to one
step:

1⇧
2
(1� i)⇥ i = 1⇧

2
(i + 1)

Constructive Interference

Depends on quark flavor!

Thus antishadowing is not universal

Di�erent for couplings of �⇤, Z0, W±

Reggeon 
Exchange

Critical tests:  Flavor-Dependent  nuclear DIS,  
Tagged Drell-Yan Processes



 Stan BrodskyHadronization at the Amplitude Level 
from LF Holography

Parton Showers
27-29 March 2017

Nuclear Antishadowing not universal !

Schmidt, Yang; sjb

H.J. Lu; sjb
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One-Step / Two-Step Interference

Front-Face Nucleon N1 not struckFront-Face Nucleon N1 struck
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Study Double Virtual Compton Scattering �⇤A! �⇤A

Illustrates the
LF time sequence

Does not  reduce to matrix element of 
local operator!  No Sum Rules!
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Measure Deeply Virtual Compton Scattering Using 
Positronium - Proton or Nucleus Scattering!
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Sequence of flashes 
like a movie

Both virtual photons are spacelike!
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Measures difference of 
LF times in proton or nucleus
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