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!  Ridge: Distinct long range correlation in η collimated around ΔΦ≈ 0 
                  for two hadrons in the intermediate 1 < pT, qT < 3 GeV   

Raju VenugopalanRidge in p p collisions
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Possible origin of same-side CMS ridge in p p Collisions

Bjorken, Goldhaber, sjbThe key point is that a multi-particle correlation should give a much more conspicuous signal

than the two-particle correlation used so far in the experimental analysis, but of course only

in that small fraction of the events where the prerequisite conditions of coincidence of narrow

strings in the projectile and target are in fact obtained. To be specific, we suggest looking at

the following vector ~V , computing its magnitude for each event. If the number of events with

large magnitude are greater than expected from chance, one would have powerful evidence

for the proposed colliding flux tube mechanism. Define

~V =
NX

i=1

[cos 2�ix̂+ sin 2�iŷ] , (1)

and obtain the distribution of ~V 2. If the particles were distributed randomly in �, then the

expectation value of ~V 2 would be N , where N is the number of particles in the event in

the given region of transverse momentum. The probability of getting a value N2 may be

estimated by introducing quadrants in the variable 2�: Assume each vector can take only

the values ±x̂ or ±ŷ, with each having a probability 1/4. Suppose the first vector is +x̂.

Then the chance that the remainder would all be in the same direction would be (1/4)N�1.

For N = 5, this would yield a probability 1/256. If, among events in which the ridge was

seen, with more than 110 particles per event, and 5 particles separated from each other by

about one unit in �⌘ in an interval of p? between 1 and 2 GeV/c, as many as 2% of the

events should show ~V 2 ⇡ 25, that could be evidence for the kind of correlation we suggest.

This exercise is equivalent to asking the probability – assuming complete randomness in � –

that all 5 particles are in either of two opposite octants of �. If they were more collimated

than that, the probability would be even smaller.

It is likely that insistence on rapidity separation of emerging particles by one unit is

unnecessary: If there were only short-range correlations, then the value of ~V 2 inevitably

would lie far below its allowed maximum. Thus counting all particles in each event in the

specified range of transverse momentum, regardless of rapidity separation, should give a

reliable measure of the correlation. Technically, ~V is just the square of the usual ellipticity

variable. An advantage of squaring is that maximal ellipticity events are easy to pick out.

Also, it is easier to think about such a scalar variable rather than a vector variable.

At this point let us take a step back to gain perspective on what could cause such

phenomena. Obviously projectile and target must overlap in impact parameter to some

extent. Dynamics, in the form of conservation of momentum or of attraction of outgoing

6



We suggest that this “ridge”-like correlations are a reflection 
of the rare events generated by the collision of aligned flux 
tubes connecting the valence quarks in the wave functions of 
the colliding protons. $
!
The “spray” of particles resulting from the approximate line 
source produced in such inelastic collisions then gives rise to 
events with a strong correlation between particles produced 
over a large range of both positive and negative rapidity. 

Multiparticle ridge-like correlations in very high multiplicity 
proton-proton collisions

Bjorken, Goldhaber, sjb

EIC: Variable plane and virtual photon size: enhanced 
sensitivity to ridge mechanism
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where s0 is a typical hadronic scale ∼ 1 GeV2 which replaces M2
X in Eq. (4). In the last

step we also make the simplifying assumption that the contribution to the denominator
from the Odderon is numerically much smaller than from the Pomeron and therefore can be
neglected. The maximally allowed Odderon coupling at t=0 is then given by,

∣

∣

∣gO
pp′

∣

∣

∣

max
=

∣

∣

∣gP
pp′

∣

∣

∣

√

∆ρmax(s)

2
cot

παO

2

(

s

s0

)αP−αO

. (13)

Strictly speaking this limit applies for the soft Odderon and Pomeron and is therefore not
directly applicable to charm photoproduction which is a harder process, i.e. with larger
energy dependence. According to recent data from HERA [24] the energy dependence,
parameterized as sδ

γp, for photoproduction of J/ψ mesons is δ = 0.39 ± 0.09 for exclusive
production and δ = 0.45±0.13 for inclusive production corresponding to a Pomeron intercept
of αP(0) ≃ 1.2. Even so we will use this limit to get an estimate of the maximal Odderon
coupling to the proton.

p p′

γ

c

c
_

µ

ρ

σ

/

p p′

γ

c

c
_

µ

ρ
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/

FIG. 3. The amplitudes for the asymmetry using the Donnachie-Landshoff [21] model for the

Pomeron/Odderon coupling to the quark and the proton.

The amplitudes can be calculated using the Donnachie-Landshoff [21] model for the
Pomeron and a similar ansatz for the Odderon [12]. The coupling of the Pomeron/Odderon
to a quark is then given by κγcc̄

P/Oγρ, i.e. assuming a helicity preserving local interaction. In

the same way the Pomeron/Odderon couples to the proton with 3κP/O
pp′ F1(t)γσ if we only

include the Dirac form-factor F1(t). The amplitudes shown in Fig. 3 can then be obtained

by replacing gP/O
pp′ (t)gγcc̄

P/O(t, M2
X , zc) in Eq. (4) by,

gP/O
pp′ (t)gγcc̄

P/O(t, M2
X , zc) = 3κP/O

pp′ F1(t)ū(p − ℓ)γσu(p)

(

gρσ −
ℓρqσ + ℓσqρ

ℓq

)

κγcc̄
P/Oϵµ(q)

×ū(pc)

{

γµ ̸ ℓ− ̸ pc̄ + mc

(1 − z)M2
X

γρ − SP/Oγρ ̸ pc − ̸ ℓ + mc

zM2
X

γµ

}

v(pc̄)

where ℓ = ξp is the Pomeron/Odderon momentum and gρσ − ℓρqσ+ℓσqρ

ℓq stems from the
Pomeron/Odderon “propagator”. Note the signature which is inserted for the crossed dia-
gram to model the charge conjugation property of the Pomeron. The Pomeron amplitude
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Fig. 4. The asymmetry in fractional energy z of charm versus anticharm jets predicted by our model using the Donnachie-Landshoffc

Pomeron for a s1.2, a s0.95 and s rM 2s100.PP OO g p X

Ž . soft 4 2 2 Ž .from Eq. 13 for a s1.08, ss10 GeV , s s1 GeV and Dr s s0.05. Inserting the numericalPP 0 max

values discussed above then gives

y0 .25s 2 z y1g p c2AA t,0,M , z ,0.45 , 17Ž .Ž .X c 2 22ž /M z q 1yzŽ .X c c

which for a typical value of s rM 2s100 becomes a ;15 % asymmetry for large z as illustrated in Fig. 4.g p X c

We also note that the asymmetry can be integrated over z givingc

y0 .25s1 0.5 g p2 2 2AA t,0,M s AA t,0,M , z y AA t,0,M , z ,0.3 . 18Ž .Ž . Ž . Ž .H HX X c X c 2ž /M0.5 0 X

It should be emphasized that the magnitude of this estimate is quite uncertain. The Odderon coupling to the

proton which we are using is a maximal coupling for the soft Odderon in relation to the soft Pomeron. So on the

one hand the ratio may be smaller than this, and on the other hand the ratio may be larger if the hard Odderon

and Pomeron have a different ratio for the coupling to the proton. For the hard Pomeron the coupling is in
Ž w x.general different at the two vertices see e.g. 27 and this could also be true for the hard Odderon.

There is also a small irreducible asymmetry from photon-Pomeron interference. Adding the photon exchange
Žamplitude to the Odderon amplitude modifies the asymmetry as follows again only taking into account the

.Dirac form-factor ,

paPP
1yasin PPs 2 z y1g p c22AA t,0,M , z s2Ž .X c 2 2PP g cc 2ž /X Mk k z q 1yzŽ .Xp p PP c c

=

p
a y1 2sin a ya° ¶2Ž .OO OO PPs 1 2 e pag p PP2OO g cc~ •Xyk k q cos .p p OO X2ž / p D qa t 3 3 t 2M¢ ßŽ .OO OOX
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Fig. 4. The asymmetry in fractional energy z of charm versus anticharm jets predicted by our model using the Donnachie-Landshoffc

Pomeron for a s1.2, a s0.95 and s rM 2s100.PP OO g p X

Ž . soft 4 2 2 Ž .from Eq. 13 for a s1.08, ss10 GeV , s s1 GeV and Dr s s0.05. Inserting the numericalPP 0 max

values discussed above then gives

y0 .25s 2 z y1g p c2AA t,0,M , z ,0.45 , 17Ž .Ž .X c 2 22ž /M z q 1yzŽ .X c c

which for a typical value of s rM 2s100 becomes a ;15 % asymmetry for large z as illustrated in Fig. 4.g p X c

We also note that the asymmetry can be integrated over z givingc

y0 .25s1 0.5 g p2 2 2AA t,0,M s AA t,0,M , z y AA t,0,M , z ,0.3 . 18Ž .Ž . Ž . Ž .H HX X c X c 2ž /M0.5 0 X

It should be emphasized that the magnitude of this estimate is quite uncertain. The Odderon coupling to the

proton which we are using is a maximal coupling for the soft Odderon in relation to the soft Pomeron. So on the

one hand the ratio may be smaller than this, and on the other hand the ratio may be larger if the hard Odderon

and Pomeron have a different ratio for the coupling to the proton. For the hard Pomeron the coupling is in
Ž w x.general different at the two vertices see e.g. 27 and this could also be true for the hard Odderon.

There is also a small irreducible asymmetry from photon-Pomeron interference. Adding the photon exchange
Žamplitude to the Odderon amplitude modifies the asymmetry as follows again only taking into account the

.Dirac form-factor ,

paPP
1yasin PPs 2 z y1g p c22AA t,0,M , z s2Ž .X c 2 2PP g cc 2ž /X Mk k z q 1yzŽ .Xp p PP c c

=

p
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Measure charm asymmetry in 
photon fragmentation region

Odderon-Pomeron Interference!

Merino, Rathsman, sjb
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Intrinsic Heavy-Quark Fock States

• Rigorous prediction of QCD, OPE 

• Color-Octet Color-Octet Fock State  

• Probability 

• Large Effect at high x 

• Greatly increases kinematics of colliders  such as Higgs 
production (Kopeliovich, Schmidt, Soffer, sjb) 

• Underestimated in conventional parameterizations of 
heavy quark distributions (Pumplin, Tung) 

• Many EIC tests  
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• EMC data: c(x, Q2) > 30�DGLAP
Q2 = 75 GeV2, x = 0.42

• High xF pp⇤ J/�X

• High xF pp⇤ J/�J/�X

• High xF pp⇤ �cX

• High xF pp⇤ �bX

• High xF pp⇤ ⇥(ccd)X (SELEX)

Interesting spin, charge asymmetry, threshold, spectator effects
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Exclusive Open Charm  and Bottom Production

p

�⇤

⇤c

c̄

c
u

d

u

D0

�⇤p! D
0(c̄u)⇤c(cud)

c and u quark interchange 



CF
p

q2
? = Q2 = �q2

⇤cd
c

c̄
u

u

Coalescence of comovers produces |F >= |⇤c
¯D > Final State

D̄

Light-Front Wavefunctions and Heavy-Quark Electroproduction

q+ = 0

�⇤(q)

``0



CF
p

q2
? = Q2 = �q2

⇤cd
c

c̄
u

u

Coalescence of comovers produces |F >= |⇤c
¯D > Final State

D̄

Light-Front Wavefunctions and Heavy-Quark Electroproduction

q+ = 0

�⇤(q)

``0



P+ = P0 + Pz

Fixed ⌅ = t + z/c

xi = k+

P+ = k0+k3

P0+Pz

⇧(⇤, b�)

⇥ = d�s(Q2)
d lnQ2 < 0

u

CF
p

q2
? = Q2 = �q2

⇤cd
c

c̄
u

u

Coalescence of comovers produces |F >= |⇤c
¯D > Final State

D̄

Light-Front Wavefunctions and Heavy-Quark Electroproduction

q+ = 0

�⇤(q)

``0



CF

p

q2
? = Q2 = �q2

d
c
c̄

u

Light-Front Wavefunctions and Heavy-Quark Electroproduction

q+ = 0

�⇤(q)

`
`0

Z+
c (cc̄ud̄)u

d

d̄

Coalescence of comovers at threshold produces

Z+
c tetraquark resonance

|uudcc̄dd̄i

�⇤p! Z+
c n

Bottom Tetraquarks



CF

p

q2
? = Q2 = �q2

d
c
c̄

u

Light-Front Wavefunctions and Heavy-Quark Electroproduction

q+ = 0

�⇤(q)

`
`0

Z+
c (cc̄ud̄)u

d

d̄

Coalescence of comovers at threshold produces

Z+
c tetraquark resonance

|uudcc̄dd̄i

�⇤p! Z+
c n

Bottom Tetraquarks



P+ = P0 + Pz

Fixed ⌅ = t + z/c

xi = k+

P+ = k0+k3

P0+Pz

⇧(⇤, b�)

⇥ = d�s(Q2)
d lnQ2 < 0

u

CF

p

q2
? = Q2 = �q2

d
c
c̄

u

Light-Front Wavefunctions and Heavy-Quark Electroproduction

q+ = 0

�⇤(q)

`
`0

Z+
c (cc̄ud̄)u

d

d̄

Coalescence of comovers at threshold produces

Z+
c tetraquark resonance

|uudcc̄dd̄i

�⇤p! Z+
c n

Bottom Tetraquarks



CF

d

q2
? = Q2 = �q2

d

c
c̄

u

Octoquarks and  Heavy-Quark Electroproduction

q+ = 0

�⇤(q)

``0

u

u

d

d

|uuddducc̄i

Coalescence of comovers can produce the B = +2 Q = +1 isospin partner

of the B = +2 Q = +2 resonance |uuduudcc̄i which produces the large RNN in

p p elastic scattering



CF

d

q2
? = Q2 = �q2

d

c
c̄

u

Octoquarks and  Heavy-Quark Electroproduction

q+ = 0

�⇤(q)

``0

u

u

d

d

|uuddducc̄i

Coalescence of comovers can produce the B = +2 Q = +1 isospin partner

of the B = +2 Q = +2 resonance |uuduudcc̄i which produces the large RNN in

p p elastic scattering



P+ = P0 + Pz

Fixed ⌅ = t + z/c

xi = k+

P+ = k0+k3

P0+Pz

⇧(⇤, b�)

⇥ = d�s(Q2)
d lnQ2 < 0

u

CF

d

q2
? = Q2 = �q2

d

c
c̄

u

Octoquarks and  Heavy-Quark Electroproduction

q+ = 0

�⇤(q)

``0

u

u

d

d

|uuddducc̄i

Coalescence of comovers can produce the B = +2 Q = +1 isospin partner

of the B = +2 Q = +2 resonance |uuduudcc̄i which produces the large RNN in

p p elastic scattering



EIC Pre-Town Meeting 
 August 13, 2014

 Stan Brodsky,  SLACNovel EIC Physics

-0.2

0

0.2

0.001 0.01 0.1 1

x

EMC

NMC

E139

E665

-0.2

0

0.2
NMC

E139

-0.2

0

0.2
NMC

-0.2

0

0.2
E139

He/D

Be/D

Li/D

C/D

(R
ex

p
 -

 R
th

eo
)/

R
th

eo

-0.2

0

0.2
E139

E49

-0.2

0

0.2

0.001 0.01 0.1 1

x

BCDMS

E87

E139

E140

-0.2

0

0.2
BCDMS

HERMES

-0.2

0

0.2
EMC

NMC

E139

E665 Ca/D

Al/D

N/D

Fe/D

-0.2

0

0.2
EMC

-0.3

-0.1

0.1

HERMES

-0.2

0

0.2
E139

-0.2

0

0.2

0.001 0.01 0.1 1

x

EMC

Cu/D

Kr/D

Ag/D

Sn/D

(R
ex

p
 -

 R
th

eo
)/

R
th

eo

-0.2

0

0.2
E665

-0.2

0

0.2
E139

E140

-0.2

0

0.2

0.001 0.01 0.1 1

x

E665

Xe/D

Au/D

Pb/D

FIG. 2: (Color online) Comparison with experimental ratios
R = F A

2 /F D
2 . The ordinate indicates the fractional differences

between experimental data and theoretical values: (Rexp −

Rtheo)/Rtheo.
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FIG. 3: (Color online) Comparison with experimental data of
R = F A

2 /F C,Li
2

. The ratios (Rexp − Rtheo)/Rtheo are shown.

ters cannot be determined easily by the present data.
The χ2 analysis results are shown in comparison with

the data. First, χ2 values are listed for each nuclear
data set in Table III. The total χ2 divided by the degree
of freedom is 1.58. Comparison with the actual data is
shown in Figs. 2, 3, and 4 for the FA

2 /FD
2 , FA

2 /FC,Li
2 ,

and Drell-Yan (σpA
DY /σpA′

DY ) data, respectively. These ra-
tios are denoted Rexp for the experimental data and Rtheo

for the parametrization calculations. The deviation ra-
tios (Rexp−Rtheo)/Rtheo are shown in these figures. The
NPDFs are evolved to the experimental Q2 points, then
the ratios (Rexp − Rtheo)/Rtheo are calculated.
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FIG. 4: (Color online) Comparison with Drell-Yan data of
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DY . The ratios (Rexp − Rtheo)/Rtheo are shown.
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FIG. 5: (Color online) Parametrization results are compared
with the data of F2 ratios F Ca

2 /F D
2 and Drell-Yan ratios

σpCa
DY /σpD

DY . The theoretical curves and uncertainties are cal-
culated at Q2=5 GeV2 for the F2 ratios and at Q2=50 GeV2

for the Drell-Yan ratios.

As examples, actual data are compared with the
parametrization results in Fig. 5 for the ratios FCa

2 /FD
2

and σpCa
DY /σpD

DY . The shaded areas indicate the ranges of
NPDF uncertainties, which are calculated at Q2=5 GeV2

for the F2 ratios and at Q2=50 GeV2 for the Drell-Yan
ratios. The experimental data are well reproduced by the
parametrization, and the the data errors agree roughly
with the uncertainty bands. We should note that the
parametrization curves and the uncertainties are calcu-
lated at at Q2=5 and 50 GeV2, whereas the data are
taken at various Q2 points. In Fig. 5, the smallest-
x data at x=0.0062 for FCa

2 /FD
2 seems to deviate from

the parametrization curve. However, the deviation comes
simply from a Q2 difference. In fact, if the theoretical ra-
tio is estimated at the experimental Q2 point, the data
point agrees with the parametrization as shown in Fig.
2.

5

Anti-Shadowing

Shadowing
M. Hirai, S. Kumano and T. H. Nagai,
“Nuclear parton distribution functions
and their uncertainties,”
Phys. Rev. C 70, 044905 (2004)
[arXiv:hep-ph/0404093].
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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?
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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.
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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.

Regge

        constructive in phase!
thus increasing the flux reaching N2

 Reggeon DDIS produces nuclear flavor-dependent anti-shadowing
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Nuclear Antishadowing not universal !

Schmidt, Yang; sjb

Modifies 
NuTeV extraction of 

sin2 �W

Test in flavor-tagged  
DIS at the EIC 
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• Control Collisions of Flux Tubes and Ridge Phenomena 

• Study Flavor-Dependence of Anti-Shadowing 

• Heavy Quarks at Large x; Exotic States 

• Direct, color-transparent hard subprocesses and the baryon 
anomaly 

• Tri-Jet Production and the proton’s LFWF 

• Odderon-Pomeron Interference 

• Digluon-initiated subprocesses and anomalous nuclear 
dependence of quarkonium production 

• Factorization-Breaking Lensing Corrections

Novel QCD Physics at the EIC


