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Intrinsic Charm Mechanism for Inclusive  
High-XF Higgs Production

H

Higgs can have > 80% of Proton Momentum!

Also: intrinsic strangeness, bottom, top
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New production mechanism for Higgs
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21 November 2019Figure 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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Diffraction via Pomeron gives destructive interference!

Shadowing



QCD Mechanism for Rapidity Gaps

Wilson Line: ψ(y)
Z y

0
dx eiA(x)·dx ψ(0)

P

Reproduces lab-frame color dipole approach 
DDIS: Crucial Input for leading-twist nuclear shadowing

Hoyer, Marchal, Peigne, Sannino, sjb

DDIS: Diffractive Deep Inelastic Scattering



Diffractive Structure Function F2
D  

H1: de Roeck, et al.

About 15% of DIS events are 
diffractive !



Integration over on-shell domain produces phase i

Need Imaginary Phase to Generate Pomeron

Also: Need Imaginary Phase to Generate “Sivers Effect”
T-Odd Single-Spin Asymmetry

Physics of FSI not in LF Wavefunction of Target

DDIS: Diffractive 
Deep Inelastic 

Scattering



DDIS: Diffractive 
Deep Inelastic 

Scattering

90% of proton momentum carried off 
by final state p’ in 15% of events!

Gluon momentum fraction misidentified!



T-OddPseudo-
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 Hwang,  
Schmidt, sjb

Light-Front Wavefunction  
S and P- Waves!

QCD S- and P- 
Coulomb Phases 

--Wilson Line 

“Lensing Effect”

i

Collins, Burkardt, Ji, 
Yuan. Pasquini, ...

Leading-Twist 
Rescattering 

Violates pQCD 
Factorization!Sign reversal in DY!

 “Lensing” 
involves soft 

scales

Jlab: Polarized Protons



Final-State Interactions Produce  
Pseudo T-Odd  (Sivers Effect)

• Leading-Twist Bjorken Scaling! 

• Requires nonzero orbital angular momentum of quark 

• Arises from the interference of Final-State QCD Coulomb phases in S- and P- 
waves;  

• Wilson line effect  --  lc gauge prescription 

• Relate to the quark contribution to the target proton                                                
anomalous magnetic moment and final-state QCD phases 

• QCD phase at soft scale! 

• New window to QCD coupling and running gluon mass in the IR 

• QED S and P Coulomb phases infinite -- difference of phases finite! 

• Alternate: Retarded and Advanced Gauge: Augmented LFWFs

~S ·~p jet⇥~q

~S ·~p jet⇥~qi

11-2001 
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current 
quark jet
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 Pasquini, Xiao, Yuan, sjb

 Hwang, Schmidt, sjb 
Collins

Mulders, Boer Qiu, Sterman 
Dae Sung Hwang, Yuri V. Kovchegov,

Ivan Schmidt, Matthew D. Sievert, sjb
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 DY               correlation at leading twist from double ISI

the differential cross section is written as
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These angular dependencies1 can all be generated by pertur-

bative QCD corrections where, for instance, initial quarks

radiate off high energy gluons into the final state. Such a

perturbative QCD calculation at next-to-leading order leads

to $+1,&+0,(+0 at a very small transverse momentum of

the lepton pair. More generally, the Lam-Tung relation 1

$$$2(!0 ,17- is expected to hold at order .s and the

relation is hardly modified by next-to-leading order (.s
2) per-

turbative QCD corrections ,18-. However, this relation is not
satisfied by the experimental data ,13,14-. The Drell-Yan
data show remarkably large values of ( , reaching values of
about 30% at transverse momenta of the lepton pair between

2 and 3 GeV )for Q2!m/*
2 !(4$12 GeV)2 and extracted in

the Collins-Soper frame ,19- to be discussed below*. These
large values of ( are not compatible with $+1 as also seen
in the data.

A number of explanations have been put forward, such as

a higher twist effect ,20,21-, following the ideas of Berger
and Brodsky ,22-. In Ref. ,20- the higher twist effect is mod-
eled using an asymptotic pion distribution amplitude, and it

appears to fall short in explaining the large values of ( .
In Ref. ,18- factorization-breaking correlations between

the incoming quarks are assumed and modeled in order to

account for the large cos 2' dependence. Here the correla-

tions are both in the transverse momentum and the spin of

the quarks. In Ref. ,6- this idea was applied in a factorized
approach ,23- involving the chiral-odd partner of the Sivers
effect, which is the transverse momentum dependent distri-

bution function called h1
! . From this point of view, the large

cos 2' azimuthal dependence can arise at leading order, i.e.

it is unsuppressed, from a product of two such distribution

functions. It offers a natural explanation for the large cos 2'
azimuthal dependence, but at the same time also for the

small cos' dependence, since chiral-odd functions can only

occur in pairs. The function h1
! is a quark helicity-flip matrix

element and must therefore occur accompanied by another

helicity flip. In the unpolarized Drell-Yan process this can

only be a product of two h1
! functions. Since this implies a

change by two units of angular momentum, it does not con-

tribute to a cos' asymmetry. In the present paper we will

discuss this scenario in terms of initial-state interactions,

which can generate a nonzero function h1
! .

We would also like to point out the experimental obser-

vation that the cos 2' dependence as observed by the NA10

Collaboration does not seem to show a strong dependence on

A, i.e. there was no significant difference between the deute-

rium and tungsten targets. Hence, it is unlikely that the asym-

metry originates from nuclear effects, and we shall assume it

to be associated purely with hadronic effects. We refer to

Ref. ,24- for investigations of nuclear enhancements.
We compute the function h1

!(x ,p!
2 ) and the resulting

cos 2' asymmetry explicitly in a quark-scalar diquark model
for the proton with an initial-state gluon interaction. In this

model h1
!(x ,p!

2 ) equals the T-odd )chiral-even*Sivers effect
function f 1T

! (x ,p!
2 ). Hence, assuming the cos 2' asymmetry

of the unpolarized Drell-Yan process does arise from non-

zero, large h1
! , this asymmetry is expected to be closely

related to the single-spin asymmetries in the SIDIS and the

Drell-Yan process, since each of these effects can arise from

the same underlying mechanism.

The Fermilab Tevatron and BNL Relativistic Heavy Ion

Collider )RHIC*should both be able to investigate azimuthal
asymmetries such as the cos 2' dependence. Since polarized
proton beams are available, RHIC will be able to measure

single-spin asymmetries as well. Unfortunately, one might

expect that the cos 2' dependence in pp→!!̄X )measurable
at RHIC* is smaller than for the process #$N→&"&$X ,

since in the former process there are no valence antiquarks

present. In this sense, the cleanest extraction of h1
! would be

from pp̄→!!̄X .

III. CROSS SECTION CALCULATION

In this section we will assume nonzero h1
! and discuss the

calculation of the leading order unpolarized Drell-Yan cross

section )given in Ref. ,6- with slightly different notation*

d!)h1h2→!!̄X*

d"dx1dx2d
2q!

!
.2

3Q2 0
a , ā

ea
2# A)y*F,f 1 f̄ 1-

"B)y*cos)2'*F $)2ĥ•p!ĥ•k!

$p!•k!*
h1

!h̄1
!

M 1M 2
% & . )2*

This is expressed in the so-called Collins-Soper frame ,19-,
for which one chooses the following set of normalized vec-

tors )for details see, e.g. ,25-*:

t̂1q/Q , )3*

ẑ1
x1

Q
P̃1$

x2

Q
P̃2, )4*

ĥ1q! /Q!!)q$x1P1$x2P2*/Q! , )5*

where P̃ i1Pi$q/(2xi), Pi are the momenta of the two in-

coming hadrons and q is the four momentum of the virtual

photon or, equivalently, of the lepton pair. This can be related

to standard Sudakov decompositions of these momenta

1We neglect sin' and sin 2' dependencies, since these are of

higher order in .s ,15,16- and are expected to be small.
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We show that initial-state interactions contribute to the cos 2# distribution in unpolarized Drell-Yan lepton

pair production pp and pp̄→!!!"X , without suppression. The asymmetry is expressed as a product of

chiral-odd distributions h1
!(x1 ,p!

2 )# h̄1
!(x2 ,k!

2 ), where the quark-transversity function h1
!(x ,p!

2 ) is the trans-

verse momentum dependent, light-cone momentum distribution of transversely polarized quarks in an unpo-

larized proton. We compute this !naive" T-odd and chiral-odd distribution function and the resulting cos 2#
asymmetry explicitly in a quark-scalar diquark model for the proton with initial-state gluon interaction. In this

model the function h1
!(x ,p!

2 ) equals the T-odd !chiral-even" Sivers effect function f 1T
! (x ,p!

2 ). This suggests

that the single-spin asymmetries in the semi-inclusive deep inelastic scattering and the Drell-Yan process are

closely related to the cos 2# asymmetry of the unpolarized Drell-Yan process, since all can arise from the same
underlying mechanism. This provides new insight regarding the role of the quark and gluon orbital angular

momentum as well as that of initial- and final-state gluon exchange interactions in hard QCD processes.

DOI: 10.1103/PhysRevD.67.054003 PACS number!s": 12.38.Bx, 13.85.Qk, 13.88.!e

I. INTRODUCTION

Single-spin asymmetries in hadronic reactions have been

among the most challenging phenomena to understand from

basic principles in QCD. Several such asymmetries have

been observed experimentally, and a number of theoretical

mechanisms have been suggested $1–6%. Recently, a new
way of producing single-spin asymmetries in semi-inclusive

deep inelastic scattering !SIDIS" and the Drell-Yan process
has been put forward $7,8%. It was shown that the exchange
of a gluon, viewed as initial- or final-state interactions, could

produce the necessary phase leading to a single transverse

spin asymmetry. The main new feature is that, despite the

presence of an additional gluon, this asymmetry occurs with-

out suppression by a large energy scale appearing in the pro-

cess under consideration. It has been recognized since then

$9%that this mechanism can be viewed as the so-called Sivers
effect $1,10%, which was thought to be forbidden by time-
reversal invariance $4%. Apart from generating Sivers effect

asymmetries, the mechanism offers new insight regarding the
role of orbital angular momentum of quarks in a hadron and

their spin-orbit couplings; in fact, the same S•! L! matrix ele-
ments enter the anomalous magnetic moment of the proton
$7%. The new mechanism for single target-spin asymmetries
in SIDIS necessarily requires noncollinear quarks and glu-
ons, and in the Sivers asymmetry the quarks carry no polar-
ization on average. As such it is very different from mecha-

nisms involving transversity !often denoted by h1 or &q),
which correlates the spin of the transversely polarized hadron
with the transverse polarization of its quarks.
In further contrast, the exchange of a gluon can also lead

to transversity of quarks inside an unpolarized hadron. This
chiral-odd partner of the Sivers effect has been discussed in
Refs. $6,11%, and in this paper we will show explicitly how
initial-state interactions generate this effect. Goldstein and

Gamberg reported recently that h1
!(x ,p!

2 ) is proportional to

f 1T
! (x ,p!

2 ) in the quark-scalar diquark model $12%. We con-
firm this and find that these two distribution functions are in
fact equal in this model. Although this property is not ex-
pected to be satisfied in general, nevertheless, one may ex-
pect these functions to be comparable in magnitude, since
both functions can be generated by the same mechanism. We
investigate the consequences of the present model result for
the unpolarized Drell-Yan process. We obtain an expression
for the cos 2# asymmetry in the lepton pair angular distribu-
tion. Here # is the angle between the lepton plane and the
plane of the incident hadrons in the lepton pair center of
mass. This asymmetry was measured a long time ago $13,14%
and was found to be large. Several theoretical explanations
!some of which will be briefly discussed below" have been
put forward, but we will show that a natural explanation can
come from initial-state interactions which are unsuppressed
by the invariant mass of the lepton pair.

II. THE UNPOLARIZED DRELL-YAN PROCESS

The unpolarized Drell-Yan process cross section has been
measured in pion-nucleon scattering: '"N→(!("X , with
N deuterium or tungsten and a '" beam with energy of 140,
194, 286 GeV $13% and 252 GeV $14%. Conventionally

*Email address: dboer@nat.vu.nl
†Email address: sjbth@slac.stanford.edu
‡Email address: dshwang@sejong.ac.kr

PHYSICAL REVIEW D 67, 054003 !2003"

0556-2821/2003/67!5"/054003!12"/$20.00 ©2003 The American Physical Society67 054003-1
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Origin of Regge Behavior of        
Deep Inelastic Structure Functions

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.

c

c̄

g

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.

c

c̄

g

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.

c

c̄

g

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.

c

Landshoff, 
Polkinghorne, Short 

Close, Gunion, sjb 

Schmidt, Yang,  Lu, 
sjb 

F2p(x)� F2n(x) / x1/2
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Non-singlet 
Reggeon 
Exchange

x0.5

Kuti-Weisskopf 
behavior

14



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.

Diffraction via Reggeon gives constructive interference!

Anti-shadowing

Reggeon
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Reggeon 
Exchange

Critical test: Tagged Drell-Yan



Shadowing and Antishadowing in Lepton-Nucleus Scattering

• Shadowing: Destructive Interference
of Two-Step and One-Step Processes
Pomeron Exchange

• Antishadowing: Constructive Interference
of Two-Step and One-Step Processes!
Reggeon and Odderon Exchange

• Antishadowing is Not Universal!
Electromagnetic and weak currents:
di�erent nuclear e�ects !
Potentially significant for NuTeV Anomaly}

Jian-Jun Yang 
Ivan Schmidt
Hung Jung Lu

sjb
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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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Nuclear Antishadowing not universal !

Schmidt, Yang; sjb

Modifies 
NuTeV extraction of 

Test in flavor-tagged  
DIS at the EIC 



• Unlike shadowing, anti-shadowing from Reggeon exchange is flavor specific;

• Each quark and anti-quark will have distinctly different constructive interference patterns. 

• The flavor dependence of antishadowing explains why anti- shadowing is different for 

electron (neutral electro- magnetic current) vs. neutrino (charged weak current) DIS 

reactions.

• Test of the explanation of antishadowing: Bjorken-scaling leading-twist charge 

exchange DDIS reaction γ∗p→nX+ with a rapidity gap due to I=1 Reggeon exchange.

The usual “handbag” diagram where the two Jμ(x) and Jν (0) currents acting on an uninterrupted 

quark propagator are replaced by a local operator T μν (0) as Q2 → ∞, is inapplicable in deeply 

virtual Compton scattering from a nucleus since the currents act on different nucleons. 

The finite path length due to the on-shell propagation of V0 between N1 and N2 contributes 

a finite distance (∆z)2 between the two virtual photons in the DVCS  amplitude. 

OPE and Sum Rules invalid for nuclear pdfs

S. Liuti, I. Schmidt, sjb



QCD Mechanism for Rapidity Gaps

Wilson Line: ψ(y)
Z y

0
dx eiA(x)·dx ψ(0)

P

Reproduces lab-frame color dipole approach 
DDIS: Input for leading twist nuclear shadowing

21



A A-1

One-Step / Two-Step Interference

Front-Face Nucleon N1 not struckFront-Face Nucleon N1 struck

Illustrates the
LF time sequence

Cannot reduce to matrix element 
of local operator!  No Sum Rules!

N1
N2 N2

N1

A

Liuti, Schmidt sjb
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Nuclear Shadowing in QCD 

Nuclear  Shadowing not included in nuclear LFWF !  

 Dynamical e!ect due to virtual photon interacting in nucleus

Stodolsky 
Pumplin, sjb 

Gribov

Shadowing depends on understanding leading twist-diffraction in DIS

Di!raction via Reggeon gives constructive interference!

Anti-shadowing not universal

N2 N2

N1 N1
One Step Two Step

FIG. 2. Sum of interfering one-step and two-step amplitudes
in DIS on a nucleus A: �⇤A ! X. The initial scattering
in the two step amplitude on the front-face nucleon N1 is
di↵ractive DIS: �⇤N1 ! [qq̄]N 0

1 which leaves N1 intact. The
propagating vector [qq̄] system then interacts inelastically on
N2: [qq̄] + N2 ! X. The two step amplitude interferes with
the one-step amplitude �⇤ + N2 ! X on N2. The interior
nucleon N2 sees two fluxes, the virtual photon �⇤ and the
secondary beam [qq̄] generated by DDIS on N1. In e↵ect,
nucleon N1 “shadows” N2.

QCD Mechanism for Rapidity Gaps

Wilson Line: ψ(y)
Z y

0
dx eiA(x)·dx ψ(0)

P

Reproduces lab-frame color dipole approach 
DDIS: Input for leading twist nuclear shadowing

FIG. 3. QCD mechanism for leading-twist di↵ractive DIS
�⇤p ! p0X. The second gluon exchanged between the [qq̄]
and the spectator quark of the proton occurs after the quark
has been struck by the lepton as in a Wilson loop. The two
gluons in the t-channel correspond to color-singlet Pomeron
exchange. Since the intermediate state can propagate on-
shell it gives a Glauber cut and phase i. A similar final state
interaction also leads to the Sivers e↵ect, the i~Sp · ~q ⇥ ~pq
pseudo-time-odd correlation.

tively. The di↵ractive process is leading twist and
it, therefore, displays Bjorken scaling. The leading-
twist QCD mechanism that underlies DDIS is illus-
trated in Fig.3.

• The occurrence of either shadowing or antishad-
owing is governed by the di↵erence in the phase
structure of Reggeon and Pomeron exchanges. The

Reggeon Exchange Contribution to Charge-Exchange DDIS

p n

X+�*

FIG. 4. QCD mechanism for charge-exchange leading-twist
di↵ractive DIS �⇤p ! nX+.

phase of the I = 0, 1 Reggeon contributions to
DDIS is 1p

2
(�i + 1) with ↵R = 1/2. Its imagi-

nary part is opposite to the positive imaginary con-
tribution of Pomeron exchange. When one mul-
tiplies by the phase i from the propagating in-
termediate state, the relative phase of the two-
step amplitude is thus destructive if DDIS is due
to pomeron exchange (shadowing) or constructive
(anti-shadowing) if the DDIS amplitude is due
to Reggeon exchange. The resulting e↵ect from
the constructive interference appears in the 0.1 <
xBj < 0.2 domain of the nuclear PDF. The ex-
change of the same Reggeon also leads to the Kuti-
Weisskopf prediction: F p

2 (x, Q2)�Fn
2 (x, Q2) /

p
x

(this result is consistent with recent evaluations in
Refs.[15, 16]).

• Thus unlike shadowing, anti-shadowing from
Reggeon exchange is flavor specific; i.e., each
quark and anti-quark will have distinctly di↵er-
ent constructive interference patterns. The flavor
dependence of anti-shadowing explains why anti-
shadowing is di↵erent for electron (neutral electro-
magnetic current) vs. neutrino (charged weak cur-
rent) DIS reactions (Fig.1).

• An important test of the explanation of anti-
shadowing is to verify the existence of Bjorken-
scaling leading-twist charge exchange DDIS reac-
tion �⇤p ! nX+ with a rapidity gap due to I = 1
Reggeon exchange. Here X+ is the sum of final
states with charge Q = 1. This process is shown in
Figure 4.

As a consequence of the Glauber processes with in-
terfering amplitudes, the interior nucleons are shadowed
at low xBj , while DIS at low xBj occurs primarily on
the front nucleons. This contradicts the OPE where the
product of currents acts uniformly on all quarks of the
nucleus. The interaction with a particular nucleon deep

Glauber Cut:  
On-Shell Propagation

2

Nuclear Shadowing in QCD 

Nuclear  Shadowing not included in nuclear LFWF !  

 Dynamical e!ect due to virtual photon interacting in nucleus

Stodolsky 
Pumplin, sjb 

Gribov

Shadowing depends on understanding leading twist-diffraction in DIS

Di!raction via Reggeon gives constructive interference!

Anti-shadowing not universal

N2 N2

N1 N1
One Step Two Step

FIG. 2. Sum of interfering one-step and two-step amplitudes
in DIS on a nucleus A: �⇤A ! X. The initial scattering
in the two step amplitude on the front-face nucleon N1 is
di↵ractive DIS: �⇤N1 ! [qq̄]N 0

1 which leaves N1 intact. The
propagating vector [qq̄] system then interacts inelastically on
N2: [qq̄] + N2 ! X. The two step amplitude interferes with
the one-step amplitude �⇤ + N2 ! X on N2. The interior
nucleon N2 sees two fluxes, the virtual photon �⇤ and the
secondary beam [qq̄] generated by DDIS on N1. In e↵ect,
nucleon N1 “shadows” N2.

QCD Mechanism for Rapidity Gaps

Wilson Line: ψ(y)
Z y

0
dx eiA(x)·dx ψ(0)

P

Reproduces lab-frame color dipole approach 
DDIS: Input for leading twist nuclear shadowing

FIG. 3. QCD mechanism for leading-twist di↵ractive DIS
�⇤p ! p0X. The second gluon exchanged between the [qq̄]
and the spectator quark of the proton occurs after the quark
has been struck by the lepton as in a Wilson loop. The two
gluons in the t-channel correspond to color-singlet Pomeron
exchange. Since the intermediate state can propagate on-
shell it gives a Glauber cut and phase i. A similar final state
interaction also leads to the Sivers e↵ect, the i~Sp · ~q ⇥ ~pq
pseudo-time-odd correlation.

tively. The di↵ractive process is leading twist and
it, therefore, displays Bjorken scaling. The leading-
twist QCD mechanism that underlies DDIS is illus-
trated in Fig.3.

• The occurrence of either shadowing or antishad-
owing is governed by the di↵erence in the phase
structure of Reggeon and Pomeron exchanges. The

Reggeon Exchange Contribution to Charge-Exchange DDIS

p n

X+�*

FIG. 4. QCD mechanism for charge-exchange leading-twist
di↵ractive DIS �⇤p ! nX+.

phase of the I = 0, 1 Reggeon contributions to
DDIS is 1p

2
(�i + 1) with ↵R = 1/2. Its imagi-

nary part is opposite to the positive imaginary con-
tribution of Pomeron exchange. When one mul-
tiplies by the phase i from the propagating in-
termediate state, the relative phase of the two-
step amplitude is thus destructive if DDIS is due
to pomeron exchange (shadowing) or constructive
(anti-shadowing) if the DDIS amplitude is due
to Reggeon exchange. The resulting e↵ect from
the constructive interference appears in the 0.1 <
xBj < 0.2 domain of the nuclear PDF. The ex-
change of the same Reggeon also leads to the Kuti-
Weisskopf prediction: F p

2 (x, Q2)�Fn
2 (x, Q2) /

p
x

(this result is consistent with recent evaluations in
Refs.[15, 16]).

• Thus unlike shadowing, anti-shadowing from
Reggeon exchange is flavor specific; i.e., each
quark and anti-quark will have distinctly di↵er-
ent constructive interference patterns. The flavor
dependence of anti-shadowing explains why anti-
shadowing is di↵erent for electron (neutral electro-
magnetic current) vs. neutrino (charged weak cur-
rent) DIS reactions (Fig.1).

• An important test of the explanation of anti-
shadowing is to verify the existence of Bjorken-
scaling leading-twist charge exchange DDIS reac-
tion �⇤p ! nX+ with a rapidity gap due to I = 1
Reggeon exchange. Here X+ is the sum of final
states with charge Q = 1. This process is shown in
Figure 4.

As a consequence of the Glauber processes with in-
terfering amplitudes, the interior nucleons are shadowed
at low xBj , while DIS at low xBj occurs primarily on
the front nucleons. This contradicts the OPE where the
product of currents acts uniformly on all quarks of the
nucleus. The interaction with a particular nucleon deep
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inside the nucleus depends on the survival of the projec-
tile photon or its fluctuations reaching that nucleon. In-
tuitively, one would expect that nucleon counting, which
is a parton model way to understand the parton model
sum rules, would fail. Technically, the derivation of sum
rules which depends on both the operator product short
distance and on the locality of two currents in deeply vir-
tual Compton scattering electron scattering at high Q2,
fails in a nucleus as we explain in detail in what follows.

The contribution to the forward virtual Compton scat-
tering amplitude for a coherent [17] scattering process on
a nucleus, �⇤(Q2)A ! �⇤(Q2)A, from the interference
between the two-step and one-step amplitudes is shown
in Fig. 5. Sum rules for deep inelastic scattering are an-
alyzed using OPE for the forward virtual Compton scat-
tering amplitude where the moments of structure func-
tions and other distributions can be evaluated as overlaps
of the target hadron’s light-front wavefunction [18–21].
The real phase of the resulting DIS amplitude and its
OPE matrix elements reflects the real phase of the stable
target hadron’s wavefunction.

The usual “handbag” diagram where the two Jµ(x)
and J⌫(0) currents acting on an uninterrupted quark
propagator are replaced by a local operator Tµ⌫(0) as
Q2 ! 1, is inapplicable in deeply virtual Compton scat-
tering from a nucleus since the currents act on di↵erent
nucleons.

Unlike the handbag diagram, the phase of the deeply
virtual amplitude arising from the Glauber interference
amplitudes is always complex. Thus the derivation of the
momentum sum rule fails for the nuclear PDF: shadowing
and anti-shadowing do not need to compensate each other
to restore the momentum sum rule.

Let us consider in more detail the interference of the
single and the double step interactions shown in Fig.2.
Here N1 is the front-face nucleon and N2 an interior
nucleon. In the one-step process only N2 interacts via
Pomeron exchange, while N1 does not. In the two step,
the scattering on N1 is via Pomeron exchange, and both
amplitudes have di↵erent phases, diminishing the q̄ flux
that reaches N2. The interior nucleon is shadowed. The
interior nucleon, N2, thus sees two fluxes - the incident
virtual photon �⇤ and the V 0 produced from DDIS on
N1. The relative phase of the one-step and two-step am-
plitudes is the critical factor of i from the Glauber cut
times the phase of Pomeron exchange in DDIS. The de-
structive interference is why N2 does not see the full flux
– it is shadowed by N1. Thus shadowing of the nuclear
PDF is due to additional physical, causal events within
the nucleus.

Several additional points should be emphasized. First,
the qq̄ vector system V 0 propagates on-shell. This means
that not all the propagators in the graph can be consid-
ered as being hard (of order Q2): this invalidates the
OPE, and, as a consequence, the momentum sum rule.
Moreover, the finite path length due to the on-shell prop-
agation of V 0 between N1 and N2 contributes to the
distance (�z)2 between the two virtual photons in the

A A-2

Contribution from One-Step / Two-Step Interference

Front-Face Nucleon N1 not struckFront-Face Nucleon N1 struck

�⇤

Q2
�⇤

N1
N2 N2

A

Q2

Doubly Virtual Nuclear Compton Scattering �⇤(q)A ! �⇤(q)A

N1

FIG. 5. Contribution to doubly virtual Compton scattering
on a nucleus �⇤A ! �⇤A from the interference of the two-
step and one-step amplitudes illustrated in Fig. 2. The cut of
the forward amplitude contributes to the inclusive DIS cross
section �⇤A ! X. This diagram cannot be reduced to a hand-
bag amplitude where two currents interact on an interrupted
quark propagator.

DVCS amplitude. One no longer has (�z)2 ⇡ 1/Q2.
The distance between the currents cannot be less than
the inter-nucleon distance, invalidating also the OPE and
the parton momentum sum rule. Finally, the interfer-
ence diagram is real even if defined in the forward limit,
since in the high Q2 limit of the OPE only a local op-
erator contributes, and the phases coming from Regge
exchanges cancel each other. This certainly is another
reason to invalidate the OPE for nuclei, since it would
mean the absence of shadowing.

Thus, the Glauber propagation of the vector system,
V 0, produced by the DDIS interaction on the nuclear
front face and its subsequent inelastic interaction with
the nucleons in the nuclear interior V 0 +Nb ! X, occurs
after the lepton interacts with the struck quark. The cor-
responding amplitude for deeply virtual Compton scat-
tering is not given by the handbag diagram alone since
interactions between the two currents are essential.

Finally, we reiterate that because of the rescatter-
ing dynamics, the DDIS amplitude acquires a complex
phase from Pomeron and Regge exchange; thus final-
state rescattering corrections lead to nontrivial “dynam-
ical” contributions to the measured PDFs, i.e., they
are a consequence of the scattering process itself [22–
24]. The I = 1 Reggeon contribution to DDIS on the
front-face nucleon then leads to flavor-dependent anti-
shadowing [23, 25]. This could explain why the NuTeV
charged current measurement µA ! ⌫X scattering does
not appear to show anti-shadowing, in contrast to deep
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Front-Face Nucleon N1 not struckFront-Face Nucleon N1 struck

�⇤
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LF time sequence

Cannot reduce to matrix element 
of local operator!  No Sum Rules!
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• Unlike shadowing, anti-shadowing from Reggeon exchange is flavor specific;
• Each quark and anti-quark will have distinctly different constructive interference patterns. 

• The flavor dependence of antishadowing explains why anti- shadowing is different for 
electron (neutral electro- magnetic current) vs. neutrino (charged weak current) DIS 
reactions.

• Test of the explanation of antishadowing: Bjorken-scaling leading-twist charge 
exchange DDIS reaction γ∗p→nX+ with a rapidity gap due to I=1 Reggeon exchange.

•

The usual “handbag” diagram where the two Jμ(x) and Jν (0) currents acting on an 
uninterrupted quark propagator are replaced by a local operator T μν (0) as Q2 → ∞, is 
inapplicable in deeply virtual Compton scattering from a nucleus since the currents act on 
different nucleons. 

The finite path length due to the on-shell propagation of V0 between N1 and N2 
contributes a finite distance (∆z)2 between the two virtual photons in the DVCS  
amplitude. 

�z2 does not vanish as 1
Q2 .

OPE and Sum Rules invalid for nuclear pdfs

S. Liuti, I. Schmidt, sjb
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Novel Features of Heavy Quark 
Phenomenology 

 Stan BrodskyForward Physics 
Workshop, 

Guanajuato, Mexico
21 November 2019

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: Tagged  SIDIS, Drell-Yan
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Goldhaber, Kopeliovich, Schmidt, Soffer sjb

Intrinsic Charm Mechanism for Inclusive  
High-XF Higgs Production

H

Higgs can have > 80% of Proton Momentum!

Also: intrinsic strangeness, bottom, top

pp� HXp

p

c
c̄

g

New production mechanism for Higgs
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Figure 3: The cross section of inclusive Higgs production in fb, coming

from the nonperturbative intrinsic bottom distribution, at both LHC

(
√

s = 14 TeV, solid curve) and Tevatron (
√

s = 2 TeV, dashed curve)

energies.

that the cross section for inclusive Higgs production from intrinsic bottom is much

higher than the one coming from intrinsic charm. Although it is true that the Higgs-

quark coupling, proportional to mQ, cancels in the cross section with PIQ ∝ 1/m2
Q,

the matrix element between IQ and Higgs wave functions has an additional mQ factor.

This is because the Higgs wave function is very narrow and the overlap of the two

wave functions results in ΨQQ(0) ∝ mQ. Thus, the cross section rises as m2
Q, as we

see in the results.

We can compare our predictions for inclusive Higgs production coming from

IB with our previous ansatz for the Higgs production gluon-gluon fusion process

xdN/dx = 6(1 − x)5. At the maximum (xF = 0.9) of the IB curve we get a value of

roughly 50 fb, while there gluon-gluon gives 0.067 fb. Thus this high-xF region is the

ideal place to look for Higgs production coming from intrinsic heavy quarks.

We obtain essentially the same curves for Tevatron energies (
√

s = 2 TeV) , al-

though the rates are reduced by a factor of approximately 3.

We also show in Fig.4 the results for Higgs production coming from the perturba-

tive charm distribution. The magnitude of the production cross section is considerably

12

Intrinsic Heavy Quark Contribution  to 
Inclusive Higgs Production⌅ = t + z/c

d⇤
dxF

(pp ⇥ HX)[fb]

fb

⇥q ⇥ ��q

��

⇥

p

Goldhaber, Kopeliovich, Schmidt, sjb

LHC :
�

s = 14TeV

Tevatron :
�

s = 2TeV

Measure H ! ZZ
⇤ ! µ

+
µ
�

µ
+
µ
�.

EH ⇠ 0.9Ep
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General remarks about orbital angular mo-
mentum
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• Relativistic Quantum-Mechanical Wavefunction of the 
pion eigenstate

• Independent of the observer’s or pion’s motion

• No Lorentz contraction; causal

• Confined quark-antiquark bound state

The Pion’s  Valence Light-Front Wavefunction
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π
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Boost

Figure 3.6: A large nucleus before and after an ultra-relativistic boost.

length, appear to overlap with each other in
the transverse plane, leading to high parton
density. A large occupation number of color
charges (partons) leads to a classical gluon
field dominating the small-x wave-function
of the nucleus. This is the essence of the
McLerran-Venugopalan (MV) model [137].
According to the MV model, the dominant
gluon field is given by the solution of the
classical Yang-Mills equations, which are the
QCD analogue of Maxwell equations of elec-
trodynamics.

The Yang-Mills equations were solved for
a single nucleus exactly [138, 139]; their so-
lution was used to construct an unintegrated
gluon distribution (gluon TMD) φ(x, k2T )
shown in Fig. 3.7 (multiplied by the phase
space factor of the gluon’s transverse mo-
mentum kT ) as a function of kT .4 Fig. 3.7
demonstrates the emergence of the satu-
ration scale Qs. The majority of gluons
in this classical distribution have transverse
momentum kT ≈ Qs. Note that the gluon
distribution slows down its growth with de-
creasing kT for kT < Qs (from a power-law
of kT to a logarithm, as can be shown by
explicit calculations). The distribution sat-
urates, justifying the name of the saturation
scale.

The gluon field arises from all the nucle-
ons in the nucleus at a given location in the
transverse plane (impact parameter). Away

from the edges, the nucleon density in the
nucleus is approximately constant. There-
fore, the number of nucleons at a fixed im-
pact parameter is simply proportional to the
thickness of the nucleus in the longitudinal
(beam) direction.

αs << 1αs ∼ 1 ΛQCD

know how to 
do physics here?

m
ax

. d
en

si
ty

Qs

kT

~ 1/kT

k T
 φ

(x
, k

T2 )

Figure 3.7: The unintegrated gluon distribu-
tion (gluon TMD) φ(x, k2T ) of a large nucleus
due to classical gluon fields (solid line). The
dashed curve denotes the lowest-order pertur-
bative result.

For a large nucleus, that thickness, in
turn, is proportional to the nuclear radius
R ∼ A1/3 with the nuclear mass number A.
The transverse momentum of the gluon can
be thought of as arising from many trans-
verse momentum “kicks” acquired from in-
teractions with the partons in all the nucle-
ons at a given impact parameter. Neglect-

4Note that in the MV model φ(x, k2
T ) is independent of Bjorken-x. Its x-dependence comes in though

the BK/JIMWLK evolution equations described above.
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Is this really true?  Will an electron-proton collider 
see different results than a fixed target experiment such as 

SLAC because the nucleus is squashed to a pancake? 

Light-Front: No length contraction — no pancakes!
Penrose
Terrell

Weiskopf

We do not make observations at one time t!
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Prediction from AdS/QCD: Meson LFWF
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Properties of Color-Confining LFWF

• minimal

• Maximum when

• Maximum overlap at matching rapidity

M2
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Frame independent
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Feynman:  Correlations with proton Δy < 2
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2

where c is the dimensionless normalization factor

c�2 =
� 1

0
dx e

� 1
�2

„
m2

1
x +

m2
2

1�x

«

. (5)

The Fourier transform of (4) is the impact space LFWF

 ⌥(x,b⇥) =
c ⇥ 

⌅

⌦
x(1� x) e�

1
2 �2⇥2

, (6)

where the invariant quantity ⌃ is

⌃2 = x(1� x)b2
⇥ +

1
⇥4

⇤
m2

1

x
+

m2
2

1� x

⌅
. (7)

Impact space holographic LFWFs for the ⌅, K, D, �c, B
and �b mesons are depicted in Fig. 1.

The non-perturbative input to hard exclusive processes
and heavy hadron decays can be computed in terms of
gauge invariant hadronic distribution amplitudes (DAs),
which describe the momentum-fraction distribution of
partons at zero transverse impact distance in a Fock
state with a fixed number of constituents. The me-
son DA is computed from the transverse integral of the
valence quark light-front wavefunction in the light-cone
gauge [17]

⇧M (x,Q) =
� k2

⇥<Q2
d2k⇥
16⌅3

⌥M (x,k⇥), (8)

and thus ⇧(x) ⇥ ⇧(x,Q ⌅ ⇧) ⌅  ⌥(x,b⇥ ⌅ 0)/
 

4⌅.
From (6) we obtain the holographic distribution ampli-
tude ⇧(x)

⇧M (x) =
c ⇥

2⌅

⌦
x(1� x) e

� 1
2�2

»
m2

1
x +

m2
2

1�x

–

, (9)

in the soft wall model. The distribution amplitudes for
the ⌅, K, D, �c, mesons are shown in Fig. 2. Predictions
for the first and second moment of the meson distribution
amplitude

⌥⇤N �M =

⌥ 1
�1 ⇤N⇧M (⇤)
⌥ 1
�1 ⇧M (⇤)

, (10)

and comparison with available lattice computations are
given on Table I . In the chiral limit, the AdS distribu-
tion amplitude ⇧AdS(x) ⇤

⌦
x(1� x) gives for the second

moment ⌥⇤2�AdS ⌅ 1/4, compared with the asymptotic
value ⌥⇤2�PQCD ⌅ 1/5 from the PQCD asymptotic DA
⇧PQCD(x) ⇤ x(1� x) [17] .

...............

III. PARTONIC MASS SHIFT

We compute the partonic mass shift contribution to a
meson due to the constituents quark masses [21]

M2 =M2
massless +

⇧
m2

1

x

⌃
+
⇧

m2
2

1� x

⌃
, (11)

FIG. 1: Two-parton flavored meson holographic LFWF
⌅(x,b�): (a) |⇤+� = |ud�, (b) |K+� = |us�, (c) |D+� = |cd�,
(d) |�c� = |cc�, (e) |B+� = |ub� and (f) |�b� = |bb�. Values
for the quark masses used are mu = 2 MeV, md = 5 MeV,
ms = 95 Mev, mc = 1.25 GeV and mb = 4.2 GeV. The value
of ⇥ = 0.375 GeV is extracted from the pion form factor [16].

for the holographic LFWF (4). Results for the partonic
mass shift contribution �M =

�
M2 �M2

massless

⇥1/2 are
compared with hadronic masses on Table II.

.....

IV. CONCLUSIONS

..........

|�+ >= |ud̄ > |K+ >= |us̄ >

|D+ >= |cd̄ >

|�b >= |bb̄ >

|�c >= |cc̄ >

mu = 2 MeV
md = 5 MeV

ms = 95 MeV

mc = 1.25 GeV

mb = 4.2 GeV

� = 375 MeV

b[GeV�1]

x

|B+ >= |ub̄ >
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PDFs FFs

TMDs

Charges

GTMDs

GPDs

TMSDs

TMFFs

Transverse density in 
momentum space

Transverse density in position 
space

Longitudinal 

Transverse

Momentum space Position space

Lorce, 
Pasquini

General remarks about orbital angular mo-
mentum

�n(xi, k�i,�i)

�n
i=1(xi

 R�+ b�i) =  R�

xi
 R�+ b�i

�n
i
 b�i =  0�

�n
i xi = 1

• Light Front Wavefunctions:                                   

+ Factorization-Breaking Lensing Corrections: Sivers, T-odd 
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Novel Features of Heavy Quark 
Phenomenology 

 Stan BrodskyForward Physics 
Workshop, 

Guanajuato, Mexico
21 November 2019

c

c̄

Fixed LF time

Higher Fock States of the Proton:

Wavefunction at fixed LF time:  Arbitrarily Off-Shell in Invariant Mass

Eigenstate of LF Hamiltonian : all Fock states contribute

|p, Jz >=
X

n=3

 n(xi,~k?i,�i)|n;xi,~k?i,�i >

HQCD
LF |ψ >=M2|ψ >
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|p,Sz>= ∑
n=3

ψn(xi, ~k?i,λi)|n;k?i,λi>|p,Sz>= ∑
n=3

Ψn(xi,~k?i,λi)|n;~k?i,λi>

|p,Sz>= ∑
n=3

Ψn(xi,~k?i,λi)|n;~k?i,λi>

The Light Front Fock State Wavefunctions

Ψn(xi,~k?i,λi)

are boost invariant; they are independent of the hadron’s energy
and momentum Pµ.
The light-cone momentum fraction

xi =
k+
i
p+ =

k0i + kzi
P0+Pz

are boost invariant.
n

∑
i
k+
i = P+,

n

∑
i
xi = 1,

n

∑
i

~k?i =~0?.

sum over states with n=3, 4, ...constituents

Intrinsic heavy quarks    s̄(x) ⇤= s(x)

⇥M(x, Q0) ⇥
�

x(1� x)

⇤M(x, k2
⌅)

µR

µR = Q

µF = µR

Q/2 < µR < 2Q

ep⇥ e�+n

P�/p ⇤ 30%

Violation of Gottfried sum rule

ū(x) ⌅= d̄(x)

Does not produce (C = �) J/⇥,�

Produces (C = �) J/⇥,�

Same IC mechanism explains A2/3

s(x), c(x), b(x) at high x !
Deuteron: Hidden Color

Fixed LF time

⌧ = t + z/c
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n E866/NuSea (Drell-Yan)

Intrinsic sea quarks

d̄(x) �= ū(x)

Interactions of quarks at same
rapidity in 5-quark Fock state
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BHPS (µ=0.5 GeV)
BHPS (µ=0.3 GeV)

HERMES
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Figure 2: Comparison of the HERMES x(s(x) + s̄(x)) data with the
calculations based on the BHPS model. The solid and dashed curves
are obtained by evolving the BHPS result to Q2 = 2.5 GeV2 using
µ = 0.5 GeV and µ = 0.3 GeV, respectively. The normalizations of
the calculations are adjusted to fit the data at x > 0.1 with statistical
errors only, denoted by solid circles.

their measurement of charged kaon production in SIDIS re-
action [6]. The HERMES data, shown in Fig. 2, exhibits
an intriguing feature. A rapid fall-off of the strange sea
is observed as x increases up to x ∼ 0.1, above which the
data become relatively independent of x. The data suggest
the presence of two different components of the strange
sea, one of which dominates at small x (x < 0.1) and the
other at larger x (x > 0.1). This feature is consistent
with the expectation that the strange-quark sea consists
of both the intrinsic and the extrinsic components hav-
ing dominant contributions at large and small x regions,
respectively. In Fig. 2 we compare the data with calcula-
tions using the BHPS model with ms = 0.5 GeV/c2. The
solid and dashed curves are results of the BHPS model
calculations evolved to Q2 = 2.5 GeV2 using µ = 0.5 GeV
and µ = 0.3 GeV, respectively. The normalizations are
obtained by fitting only data with x > 0.1 (solid circles in
Fig. 2), following the assumption that the extrinsic sea has
negligible contribution relative to the intrinsic sea in the
valence region. Figure 2 shows that the fits to the data are
quite adequate, allowing the extraction of the probability
of the |uudss̄⟩ state as

Pss̄
5 = 0.024 (µ = 0.5 GeV);

Pss̄
5 = 0.029 (µ = 0.3 GeV). (4)

We consider next the quantity ū(x) + d̄(x) − s(x) −
s̄(x). Combining the HERMES data on x(s(x)+s̄(x)) with

x

x(
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Figure 3: Comparison of the x(d̄(x)+ū(x)−s(x)−s̄(x)) data with the
calculations based on the BHPS model. The values of x(s(x)+ s̄(x))
are from the HERMES experiment [6], and those of x(d̄(x) + ū(x))
are obtained from the PDF set CTEQ6.6 [11]. The solid and dashed
curves are obtained by evolving the BHPS result to Q2 = 2.5 GeV2

using µ = 0.5 GeV and µ = 0.3 GeV, respectively. The normalization
of the calculations are adjusted to fit the data.

the x(d̄(x)+ ū(x)) distributions determined by the CTEQ
group (CTEQ6.6) [11], the quantity x(ū(x)+ d̄(x)−s(x)−
s̄(x)) can be obtained and is shown in Fig. 3. This ap-
proach for determining x(ū(x)+ d̄(x)−s(x)− s̄(x)) is iden-
tical to that used by Chen, Cao, and Signal in their recent
study of strange quark sea in the meson-cloud model [12].

An important property of ū + d̄ − s − s̄ is that the
contribution from the extrinsic sea vanishes, just like the
case for d̄− ū. Therefore, this quantity is only sensitive to
the intrinsic sea and can be compared with the calculation
of the intrinsic sea in the BHPS model. We have

ū(x) + d̄(x) − s(x)− s̄(x) =

Puū(xū) + P dd̄(xd̄)− 2P ss̄(xs̄). (5)

We can now compare the x(ū(x) + d̄(x) − s(x) − s̄(x))
data with the calculation using the BHPS model. Since
ū+ d̄−s− s̄ is a flavor non-singlet quantity, we can readily
evolve the BHPS prediction to Q2 = 2.5 GeV2 using µ =
0.5 GeV and the result is shown as the solid curve in Fig. 3.
It is interesting to note that a better fit to the data can
again be obtained with µ = 0.3 GeV, shown as the dashed
curve in Fig. 3.

From the comparison between the data and the BHPS
calculations shown in Figs. 1-3, we can determine the prob-
abilities for the |uuduū⟩, |uuddd̄⟩, and |uudss̄⟩ configura-
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calculations based on the BHPS model. The solid and dashed curves
are obtained by evolving the BHPS result to Q2 = 2.5 GeV2 using
µ = 0.5 GeV and µ = 0.3 GeV, respectively. The normalizations of
the calculations are adjusted to fit the data at x > 0.1 with statistical
errors only, denoted by solid circles.

their measurement of charged kaon production in SIDIS re-
action [6]. The HERMES data, shown in Fig. 2, exhibits
an intriguing feature. A rapid fall-off of the strange sea
is observed as x increases up to x ∼ 0.1, above which the
data become relatively independent of x. The data suggest
the presence of two different components of the strange
sea, one of which dominates at small x (x < 0.1) and the
other at larger x (x > 0.1). This feature is consistent
with the expectation that the strange-quark sea consists
of both the intrinsic and the extrinsic components hav-
ing dominant contributions at large and small x regions,
respectively. In Fig. 2 we compare the data with calcula-
tions using the BHPS model with ms = 0.5 GeV/c2. The
solid and dashed curves are results of the BHPS model
calculations evolved to Q2 = 2.5 GeV2 using µ = 0.5 GeV
and µ = 0.3 GeV, respectively. The normalizations are
obtained by fitting only data with x > 0.1 (solid circles in
Fig. 2), following the assumption that the extrinsic sea has
negligible contribution relative to the intrinsic sea in the
valence region. Figure 2 shows that the fits to the data are
quite adequate, allowing the extraction of the probability
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curves are obtained by evolving the BHPS result to Q2 = 2.5 GeV2

using µ = 0.5 GeV and µ = 0.3 GeV, respectively. The normalization
of the calculations are adjusted to fit the data.

the x(d̄(x)+ ū(x)) distributions determined by the CTEQ
group (CTEQ6.6) [11], the quantity x(ū(x)+ d̄(x)−s(x)−
s̄(x)) can be obtained and is shown in Fig. 3. This ap-
proach for determining x(ū(x)+ d̄(x)−s(x)− s̄(x)) is iden-
tical to that used by Chen, Cao, and Signal in their recent
study of strange quark sea in the meson-cloud model [12].

An important property of ū + d̄ − s − s̄ is that the
contribution from the extrinsic sea vanishes, just like the
case for d̄− ū. Therefore, this quantity is only sensitive to
the intrinsic sea and can be compared with the calculation
of the intrinsic sea in the BHPS model. We have

ū(x) + d̄(x) − s(x)− s̄(x) =

Puū(xū) + P dd̄(xd̄)− 2P ss̄(xs̄). (5)

We can now compare the x(ū(x) + d̄(x) − s(x) − s̄(x))
data with the calculation using the BHPS model. Since
ū+ d̄−s− s̄ is a flavor non-singlet quantity, we can readily
evolve the BHPS prediction to Q2 = 2.5 GeV2 using µ =
0.5 GeV and the result is shown as the solid curve in Fig. 3.
It is interesting to note that a better fit to the data can
again be obtained with µ = 0.3 GeV, shown as the dashed
curve in Fig. 3.

From the comparison between the data and the BHPS
calculations shown in Figs. 1-3, we can determine the prob-
abilities for the |uuduū⟩, |uuddd̄⟩, and |uudss̄⟩ configura-

3

W. C. Chang and  
J.-C. Peng

Intrinsic 
strangeness!

HERMES: Two components to s(x,Q2)!

s(x, Q2) = s(x, Q2)extrinsic + s(x, Q2)intrinsic

arXiv:1105.2381

Extrinsic (DGLAP)  
strangeness!

Consistent with 
intrinsic charm 

data

QCD: 1
M2

Q
scaling

BHPS: Hoyer, Sakai, 
Peterson, sjb

Sensitive to  
Fragmentation Function
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• Non-symmetric strange and antistrange sea? 

• Non-perturbative physics; e.g  

• Important for interpreting NuTeV anomaly 

|uudss̄ >' |�(uds)K+(s̄u) >

k2
F /

�k2
?

1�x

⇤(Q2, Q2
0) = 1

4⌅

R Q2

Q2
0

d�2 �s(�2)
�2

⇤(Q2, Q2
0) = 1

4⌅

R Q2

Q2
0

d�2 �s(�2)

�2+
k2?
1�x

⇥p! J/⇧p

⇥d! J/⇧np

s

s̄

|uudss̄ >' |�(uds)K+(s̄u) >

ep ! e0KX

k2
F /

�k2
?

1�x

⇥(Q2, Q2
0) = 1

4⇤

R Q2

Q2
0

d⌦2 �s(⌦2)
⌦2

s

s̄

|uudss̄ >' |�(uds)K+(s̄u) >

ep ! e0KX

k2
F /

�k2
?

1�x

⇥(Q2, Q2
0) = 1

4⇤

R Q2

Q2
0

d⌦2 �s(⌦2)
⌦2

Measure strangeness distribution  
in Semi-Inclusive DIS at JLab

Is s(x) = s̄(x)?

Tag struck quark flavor in semi-inclusive DIS ep! e0K+X

B. Q. Ma, sjb
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Do heavy quarks exist in the proton at high x?

Conventional wisdom:
gluon splitting

Heavy quarks generated only at low x 
via DGLAP evolution 
from gluon splitting

Conventional wisdom is wrong even in QED!

s(x, µ2
F ) = c(x, µ2

F ) = b(x, µ2
F ) ⌘ 0

at starting scale Q2
0 = µ2

F

Maximally off-shell  -  requires low x, high W2 

g Q

Q
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p p

Probability (QED) � 1
M4

�

Probability (QCD) � 1
M2

Q

Proton Self Energy  
Intrinsic Heavy Quarks

Collins, Ellis, Gunion, Mueller, sjb 
M. Polyakov, et al. 

• Collins, Ellis, Gunion, Mueller, sjb; 

Fixed LF time

Q

Q

Rigorous OPE Analysis 44



p p

Probability (QED) � 1
M4

�

Probability (QCD) � 1
M2

Q

Proton 5-quark Fock State : 
Intrinsic Heavy Quarks

Collins, Ellis, Gunion, Mueller, sjb 
Polyakov, et al. 

 

Fixed LF time

xQ � (m2
Q + k2

�)1/2

Q

Q

QCD predicts  
Intrinsic Heavy 

Quarks at high x!

Minimal off-shellness

Rigorous OPE 
Analysis

Maximum at Equal rapidity!
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Valparaiso, Chile  May 19-20, 2011 

c

c

c̄

P+ = P0 + Pz

Fixed ⌅ = t + z/c

xi = k+

P+ = k0+k3

P0+Pz

⇧(⇤, b�)

⇥ = d�s(Q2)
d lnQ2 < 0

u

p

p Q

Q

Color confinement potential from AdS/QCD

U(⇣2) = 4⇣2 = b2?x(1� x)

M2
n =

Pn
i=1(

k2
?+m2

x )i

 n(~k?i, xi) / 1
n�1 e�M2

n/2
2

⇧n
j=1

1p
xj
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Properties of Color-Confining LFWF

• minimal

• Maximum when

• Maximum overlap at matching rapidity

M2
n =

Pn
i=1(

k2
?+m2

x )i

xi =/ m?i =
p

m2
i + k2?i

�y = ya � yb = log xa
m?a

� log xb
m?b

y = 1
2 log

k+

k� = log xP+

m?

Frame independent

Relative to proton �y = yH � yp = log xH

m?H/mp

 n(~k?i, xi) / 1
n�1 e�M2

n/2
2

⇧n
j=1

1p
xj

Feynman:  Correlations with parent proton Δy < 2
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J. J. Aubert et al. [European Muon Collaboration], “Pro-
duction Of Charmed Particles In 250-Gev Mu+ - Iron In-
teractions,” Nucl. Phys. B 213, 31 (1983).

First Evidence for Intrinsic Charm

Measurement of Charm Structure  
Function! 

DGLAP / Photon-Gluon Fusion: factor of 30 too small

factor of 30 !

Two Components (separate evolution):

c(x,Q2) = c(x, Q2)extrinsic + c(x, Q2)intrinsic

gluon splitting 
(DGLAP)

Hoyer, Peterson, Sakai, sjb
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J. J. Aubert et al. [European Muon Collaboration], “Pro-
duction Of Charmed Particles In 250-Gev Mu+ - Iron In-
teractions,” Nucl. Phys. B 213, 31 (1983).

Evidence for Intrinsic Charm

Measurement of Charm Structure Function! 

DGLAP / Photon-Gluon Fusion: factor of 30 too small

factor of 30 !

Two Components (separate evolution):

c(x,Q2) = c(x, Q2)extrinsic + c(x, Q2)intrinsic

gluon splitting 
(DGLAP)

 New Analysis:
R.D. Ball, et al. [NNPDF Collaboration],

  “A Determination of the Charm Content 
of the Proton,''

  arXiv:1605.06515 [hep-ph].

< xcc̄ >p' 1%

x c(x,Q)
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Figure 3: The total charmed quark density xc(x, µ2) as a function of x at di↵erent values of

w at µ2 = 10 (GeV/c)2 (top) and µ2 = 104 (GeV/c)2 (bottom). The triple-dashed line is the

IC contribution at w = 1 %, the dashed-double-dotted line corresponds to the IC at w = 2 %,

the dashed-dotted curve is the IC at w = 3 % and the double-dashed line corresponds to the

IC at w = 3.5 %.

19

10-4

10-3

10-2

10-1

100

10-3 10-2 10-1 100

xc
(x

, 
µ

2
)

x

µ
2 = 10 GeV2

w = 0.0%

w = 1.0%

w = 2.0%

w = 3.0%

w = 3.5%

10-4

10-3

10-2

10-1

100

101

10-3 10-2 10-1 100

xc
(x

, 
µ

2
)

x

µ
2 = 104 GeV2

w = 0.0%

w = 1.0%

w = 2.0%

w = 3.0%

w = 3.5%

Figure 3: The total charmed quark density xc(x, µ2) as a function of x at di↵erent values of

w at µ2 = 10 (GeV/c)2 (top) and µ2 = 104 (GeV/c)2 (bottom). The triple-dashed line is the

IC contribution at w = 1 %, the dashed-double-dotted line corresponds to the IC at w = 2 %,

the dashed-dotted curve is the IC at w = 3 % and the double-dashed line corresponds to the

IC at w = 3.5 %.

19

Bednyakov, Lykasov, Smiesko, Tokar, sjb

x c(x,Q)
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10-2

10-1

100

101

102

103

104

105

 0.001  0.01  0.1  1
x

F2
c(x,Q2) × 10i

<Q2> (i)

1.39 (0)

2.47 (1)

4.39 (2) 7.81 (3)

13.90 (4)

24.70 (5)

43.90 (6)

78.10 (7)no IC
confining
eff. mass

BHPS
δ-function

x

P. Jimenez-Delgado, T. J. Hobbs, J. T. Londergan, W. Melnitchouk
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PQQ̄ ⇥
1

M2
Q

Pcc̄/p � 1%

Q

Q̄

b⇤ = O(1/MQ)

�(DDIS)
�(DIS) �

�2
QCD

M2
Q

PQQ̄ ⇥
1

M2
Q

Pcc̄/p � 1%

Q

Q̄

b⇤ = O(1/MQ)

�(DDIS)
�(DIS) �

�2
QCD

M2
Q

PQQ̄ ⇤
1

M2
Q

PQQ̄QQ̄ � �2
sPQQ̄

Pcc̄/p ⇥ 1%

Q

Q̄

b⌅ = O(1/MQ)

Hoyer, Peterson, Sakai, sjb

Intrinsic Heavy-Quark Fock 

• 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  
OPE: Collins, S. Ellis, Gunion, Mueller, sjb

Franz, Goecke, M. Polyakov, 
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Bednyakov, Lykasov, Smiesko, Tokar, sjb

xc(x, µ2)

w = P intrinsic
cc̄
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Novel Features of Heavy Quark 
Phenomenology 

 Stan BrodskyForward Physics 
Workshop, 

Guanajuato, Mexico
21 November 2019

Coalescence of Comoving Charm and Valence Quarks
Produce J/ψ, Λc and other Charm Hadrons at High xF

PX X

Spectator counting rules 
dN

dxF
/ (1� xF )2nspect�1

Coalescence of comovers produces high xF heavy 
hadrons
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General remarks about orbital angular mo-
mentum

⌃R�

xi
⌃R�+⌃b�i

�n
i
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�n
i xi = 1

�n
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xi
⌃P�+ ⌃k�i

�n
i

⌃k�i = ⌃0�

�n
i xi = 1

General remarks about orbital angular mo-
mentum
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ẑ

↵L = ↵R⇥ ↵P

↵Li = (xi
↵R⇤+↵b⇤i)⇥ ↵P

↵⇧i = ↵b⇤i ⇥ ↵k⇤i

↵⇧i = ↵Li � xi
↵R⇤ ⇥ ↵P = ↵b⇤i ⇥ ↵P

A(⇤,�⇤) = 1
2⇥

�
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i
2⇤�M(�,�⇤)

P+, P⇤

xiP
+, xi

P⇤+ k⇤i

� = Q2

2p·q

ẑ

L = R⇥ P

Li = (xi
R⇤+b⇤i)⇥ P

P+ = P0 + Pz

Fixed ⌅ = t + z/c

xi = k+

P+ = k0+k3

P0+Pz

⇧(⇤, b�)

⇥ = d�s(Q2)
d lnQ2 < 0

u

Invariant under boosts!  Independent of Pμ 

Light-Front Wavefunctions:  rigorous representation of 
composite systems in quantum field theory

Light-Front Wavefunctions: Off-Shell in Invariant Mass  

x =
k+

P+
=

k0 + kz

P0 + Pz

ℳ2
n = (

n

∑
i=1

kμ)2 =
n

∑
i=1

k2
⊥i + m2

i

xi

M2 − ℳ2
n < 0
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Valparaiso, Chile  May 19-20, 2011 

c

c

c̄

P+ = P0 + Pz

Fixed ⌅ = t + z/c

xi = k+

P+ = k0+k3

P0+Pz

⇧(⇤, b�)

⇥ = d�s(Q2)
d lnQ2 < 0

u

p

p Q

Q

Color confinement potential from AdS/QCD

M2
n =

Pn
i=1(

k2
?+m2

x )i

 n(~k?i, xi) / 1
n�1 e�M2

n/2
2

⇧n
j=1

1p
xj

Minimally Off-Shell

U(ζ2) = κ4ζ2 = κ4b2
⊥x(1 − x)
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Properties of  Non-Perturbative 
Five-Quark Fock-State

• Dominant configuration: same rapidity

• Heavy quarks have most momentum  

• Correlated with proton quantum 
numbers

• Duality with meson-baryon channels

• strangeness asymmetry at x > 0.1

• Maximally energy efficient
u
d

u
Q̄
Q

P+ = P0 + Pz

Fixed ⌅ = t + z/c

xi = k+

P+ = k0+k3

P0+Pz

⇧(⇤, b�)

⇥ = d�s(Q2)
d lnQ2 < 0

u
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Barger, Halzen, Keung

Intrinsic c 
(active and 
spectator)

DGLAP (fusion)

Δy = log x

2 1 0.5 0.25 00.1

PRD 25 (1981)
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Novel Effects Derived from Light-Front 
Wavefunctions

p

A A′�

Q̄
Q

u

u

d

Intrinsic quarks coalesce at equal rapidity to make ΛQ(udQ)

ISR, SELEX

Create heavy hadrons at large xF
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Coalescence of Comoving Charm and Valence Quarks
Produce J/ψ, Λc and other Charm Hadrons at High xF

PX X

Spectator counting rules 
dN

dxF
/ (1� xF )2nspect�1

Coalesence of comovers produces high-xF heavy hadrons
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Coalescence of Comoving Charm and Valence Quarks
Produce J/ψ, Λc and other Charm Hadrons at High xF

X

Spectator counting rules 
dN

dxF
/ (1� xF )2nspect�1

Coalesece of comovers produces high xF heavy hadrons

⇤c  H(xi,~k?i,�i)

LFWF maximum at equal rapidity

maximum at minimal invariant mass  

High xF hadrons combine most of the comovers, fewest spectators

—> Asymmetries of leading hadrons 

Vogt, sjb
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⇡�(ūd[cc̄]) ! ⇤c(udc) vs. ⇡�(ūd[cc̄]) ! ⇤̄c(ūd̄c̄)

⌃�(uds[cc̄]) ! ⇤c(udc) vs. ⌃�(uds[cc̄]) ! ⇤̄c(ūd̄c̄)

p(uud[cc̄]) ! ⇤c(udc) vs. p(uud[cc̄]) ! ⇤̄c(ūd̄c̄)SELEX
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⇤c(cud)

(1� xF )p, p = ns � 1

p(uudcc̄)

ns = 2

Phase space gives 
minimum power p

⌃�(sddcc̄)A! ⇤c(cdu)X vs. ⌃�(sddcc̄)A! ⇤̄c(c̄d̄ū)X

SELEX
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Update on Double Charm Baryons
My Personal List of Mysteries in Charm and Beauty

Other SELEX Charm Results
Summary

Beauty Mysteries – b in ISR

CERN-ISR R422 (Split Field Magnet), 1988/1991

0
b pD0 0

b c
Il Nuovo Cimento 104, 1787

Jürgen Engelfried DCB 43/64

Associated e+ Associated e-_

pp� �b(bud)B(b̄q)X at large xF

Create ⇤b at rest at LHCb at
p

s =
p

13000 = 115 GeV

p
s = 63 GeV

Discovery of ⇤b; Associated Production; Evidence for Intrinsic bb̄
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1/6/2017 pdgLive

http://pdglive.lbl.gov/DataBlock.action?node=S040M&init= 1/2

pdgLive Home   >      >   

2016 Review of Particle Physics.

Please use this CITATION: C. Patrignani et al.(Particle Data Group), Chin. Phys. C, 40, 100001 (2016).

 MASS

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

OUR AVERAGE

 1 AAIJ 2014AA LHCB   at 7 TeV
  2 AALTONEN 2014B CDF   at 1.96 TeV

  2 AAD 2013U ATLS   at 7 TeV
  2 AAIJ 2013AV LHCB   at 7 TeV

  3 ABE 1997B CDF   at  TeV
  4 4 ABREU 1996N DLPH    
  4 4 BUSKULIC 1996L ALEP    

*** We do not use the following data for averages, fits, limits, etc ***
  2 AAIJ 2012E LHCB Repl. by AAIJ 2013AV

  5 ACOSTA 2006 CDF Repl. by AALTONEN 2014B

not seen 6 ABE 1993B CDF Repl. by ABE 1997B

  16 7 ALBAJAR 1991E UA1   630 GeV
 52 BARI 1991 SFM   
 90 BARI 1991 SFM   

1  Uses exclusively reconstructed final states    and    decays. The uncertainty includes both statistical and
systematic contributions.
2  Uses    fully reconstructed decays.
3  ABE 1997B observed 38 events with a background of   events in the mass range  , a significance of 
standard deviations.
4  Uses 4 fully reconstructed  events.
5  Uses exclusively reconstructed final states containing a    decays.
6  ABE 1993B states that, based on the signal claimed by ALBAJAR 1991E, CDF should have found      events.
Instead, CDF found not more than 2 events.
7  ALBAJAR 1991E claims   events above a background of   events, a significance of about 5 standard deviations.

References

AAIJ 2014AA PRL 112 202001 Study of Beauty Hadron Decays into Pairs of Charm Hadrons

AALTONEN 2014B PR D89 072014 Mass and Lifetime Measurements of Bottom and Charm Baryons in  Collisions at  =
1.96 TeV

AAD 2013U PR D87 032002 Measurement of the  Lifetime and Mass in the ATLAS Experiment
AAIJ 2013AV PRL 110 182001 Measurement of the  ,  and  Baryon Masses
AAIJ 2012E PL B708 241 Measurement of -Hadron Masses

Home Summary Tables Reviews, Tables, Plots Particle ListingspdgLive

Send Feedback

INSPIRE search
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Production of a Double-Charm Baryon

X

SELEX  high xF < xF >= 0.33

pp ⌅ p + H + p

H, Z0, �b

b⌃ ⇤ 1/Q

Must have �Lz = ±1 to have nonzero F2

Use charge radius R2 = �6F ⇧1(0)

and anomalous moment ⇥ = F2(0)

66



AnDY at RHIC: Observe single and double ⌥ production at high rapidity



tering (DPS). This is estimated by analyzing pairs of p+p
PYTHIA/GEANT events having vertex-z within ±0.5 cm. As
for mixed events, the jets of such double events are uncorre-
lated. Unlike true DPS, UE contributions are larger by includ-
ing two p+p events. Double p+p events, or uncorrelated DPS,
can explain the bulk of the Cu+Au dijet data taking

√
s = 1100

GeV for the p+p collision energy. HIJING studies of the pz

distributions of identified particles require a distribution of p+p
equivalent

√
s for pz > 100 GeV/c. It is not unexpected that√

s in Fig. 5 is larger than in Fig. 3 since the dijet energies are
larger than the jet energies.

Cu+Au→dijets, √sNN=200 GeV

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

-1 0 1 2 3 4 5
Δφ=φdijet-φBBC-Y

(1
/N

di
je

t d
N/

dΔ
φ)

+O
(E

)

0<ΣQY<8000
dη=0.25, Njet<4

220<Edijet<250 GeV, O(E)=0
250<Edijet<280 GeV, O(E)=0.02
280<Edijet<310 GeV, O(E)=0.04

Figure 6: Azimuthal angle correlations between the dijet and particle multiplic-
ity measured ∼7 units of pseudorapidity away.

Evidence for dynamical correlations of jet pairs appears as
the dijet energy increases. Long-range rapidity correlations,
possibly analogous to those seen at the LHC [21], become ap-
parent at large dijet energy, as seen in Fig. 6. These correlations
have been explained in a string fusion [22] or flux tube pic-
ture [23]. The dijet has a transverse momentum (kT ) directed
at φdi jet. The particle multiplicity observed in the annular tiles
of the BBC facing the Au beam has a charge-weighted average
orientation φBBC−Y . The angle difference ∆φ = φdi jet − φBBC−Y

is shown in Fig. 6. As the dijet energy increases, peaks near
∆φ = 0 and ∆φ = π become evident. The latter peak can be
from momentum conservation, but the former peak is not ex-
pected except at small ∆η. The pseudorapidity separation of the
dijet from the measured particle multiplicity is ∆η ∼ 7. An ad-
ditional condition limiting the number of good jets in the event
to < 4 is imposed so as to reduce combinatoric backgrounds.

To investigate these correlations further we look at dijet
mass at large dijet energies in Fig. 7. As in Fig. 5, there are
energy-dependent mass peaks in mixed events. The difference
is formed between the data and mixed-jet events, and is shown
in the right column of Fig. 7. This difference can be fit with a
Gaussian distribution with small remnant background contribu-
tions. Peaks are apparent at M = 17.83 ± 0.20 GeV/c2 in the
250 < E < 260 GeV dijet energy bin and at M = 18.47 ± 0.22
GeV/c2 in the 260 < E < 270 GeV dijet energy bin. The sta-
tistical significance of the peaks are 9.0 standard deviations in
the dijet energy bin 250 < E < 260 GeV and 8.4 standard de-

viations in the dijet energy bin 260 < E < 270 GeV. Dijet mass
background can be described by mixed jet events, by random
jet pairs, and by HIJING/GEANT, with decreasing importance
as the dijet energy increases. All of these methods yield es-
sentially the same results, with the peak centroids varying little
from the means in Fig. 7. The dijet peak is evident down to
dijet energies of ∼240 GeV. At lower dijet energies the mass
distribution is predominantly explained by event mixing until
near the χb region, where contributions from heavy hadrons are
evident. Dijet energies higher than 270 GeV are increasingly af-
fected by ADC saturation. Given that there is little yield above
M ∼ 12 GeV/c2 except for the observed peak, local and global
statistical significance are the same. Combining statistical un-
certainties for the two bins results in M = 18.12± 0.15 GeV/c2.

Cu+Au→dijets+X, √sNN=200 GeV, Ejet>60 GeV
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Figure 7: Dijet mass compared to a mixed-event analysis in the left column.
The right column forms the difference between data and mixed events, and com-
pares that difference to a simulation of the production of a resonance that decays
to jet pairs. All Cu+Au distributions have vertical axes scaled as 107/NMB .

Systematic studies of dijet mass were conducted. The mass
peak is present for inclusive pairing of all good jets in the ac-
ceptance, including events where the energy sum in the perime-
ter of cells closest to the beam, EP1, exceeds 350 GeV. Events
with EP1 > 350 GeV are excluded in Fig. 7 as in Fig. 5. This
near-beam energy sum is not strongly correlated with particle
multiplicity in the BBC. Also imposed in Fig. 7 is a require-
ment that the jet patterns do not have saturated ADC values.
The mass peak is present with or without this requirement. An-
other event selection that reduces combinatoric backgrounds is
to limit analysis to events that have the number of good jets
less than 4. Systematic studies included variation of the por-
tion of the vertex-z distribution chosen for the analysis, with
the nominal selection |zv| < 75 cm varied to |zv + 30| < 75 cm.
A systematic uncertainty of ±0.13 GeV/c2 is estimated from
the root-mean square of values from varying the event selection
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• 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 
at high xF (Kopeliovich, Schmidt, Soffer, Goldhaber, sjb)

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

• Many empirical tests  (Gardener, Karliner, ..)

Hoyer, Peterson, Sakai, sjb

Intrinsic Heavy-Quark Fock States
M. Polyakov, et. al



Goldhaber, Kopeliovich, Schmidt, Soffer sjb

Intrinsic Charm Mechanism for Inclusive  
High-XF Higgs Production

H

Higgs can have > 80% of Proton Momentum!

Also: intrinsic strangeness, bottom, top

p

p

g

New production mechanism for Higgs at the LHC



Intrinsic Heavy Quark Contribution to  
Quarkonium Hadroproduction at High xF

c̄

c

u
g

u

u

u u

d

d

c

xi �
m�i�
j m�j

Maximal Wavefunction Strength at Minimal 
Invariant Mass   : Equal Rapidity

pp� J/�X

J/�

p

p

xF (J/�) = xc + xc̄ � 0.8

Vogt, sjb

     Lansberg, sjb
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Scattering on front-face nucleon produces color-singlet     paircc̄

u

Octet-Octet IC Fock State

Color-Opaque IC Fock state 
interacts on nuclear front surface  

d⇤
dxF

(pA ⇤ J/⌅X) = A2/3 � d⇤
dxF

(pN ⇤ J/⌅X)

fb

⇥q ⇤ �⇥q

�⇥

⇥

p

↵

p

c

c̄

No absorption of  
small color-singlet

g

Kopeliovich, 
Schmidt, Soffer, sjb

A

High xF

J/�
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1/16/2005 Mike Leitch 12

Nuclear modification of parton level structure & dynamics

Modification of parton momentum 
distributions of nucleons embedded in nuclei
• shadowing – depletion of low-momentum 
partons (gluons)
• coherence & dynamical shadowing 
• gluon saturation – e.g. color glass condensate, 
a specific/fundamental model of gluon 
saturation which gives shadowing in nuclei

800 GeV p-A (FNAL)   !A = !p*A"

PRL 84, 3256 (2000); PRL 72, 2542 (1994)

open charm: no A-dep

at mid-rapidity

= x
1
-x

2

Q = 2 GeV
5 GeV

10 GeV

Gluon shadowing

Gerland, Frankfurt, Strikman,

Stocker & Greiner (hep-ph/9812322)

Nuclear effects on parton “dynamics”
• energy loss of partons as they propagate 
through nuclei
• and (associated?) multiple scattering 
effects (Cronin effect)
• absorption of J/! on nucleons or co-
movers; compared to no-absorption for 
open charm production

Remarkably Strong Nuclear 
Dependence for Fast Charmonium

M. Leitch

 Violation of factorization in charm hadroproduction. 
P. Hoyer, M. Vanttinen (Helsinki U.) ,  U. Sukhatme (Illinois U., Chicago) . HU-TFT-90-14, May 1990. 7pp.  

 Published in Phys.Lett.B246:217-220,1990

Violation of PQCD Factorization!

d⇥
dxF

(pA� J/⇤X)

d⇥
dxF

(�A� J/⇤X)

xF

A2/3 component

A1 component

Fits conventional PQCD subprocesses

IC Explains large excess of quarkonia at large xF,  A-dependence
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Clear dependence
 on xF and 

beam energy

d�
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(pA� J/⇥X) ⇥ A�

800 GeV

158 GeV

α

Dramatic change in nuclear dependence 74



⌃ = t + z/c

< p|G
3
µ⌅

m2
Q

|p > vs. < p|F
4
µ⌅

m4
✓

|p >

+⇥4�2

d⇧
dxF

(pp� HX)[fb]

d⇧
dxF

(pA� J/⌥X) = A1 d⇧1
dxF

+ A2/3d⇧2/3
dxF

fb

A1 component
consistent with sum of
gg and q̄q fusion
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NA3: Badier et al. 

d�

dxF
(⇡A! J/ X) / A2/3 d�

dxF
(pA! J/ X) / A2/3

Flat xF distribution explained by IC 
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J/ψ nuclear dependence versus rapidity, xAu, xF 
PHENIX compared to lower energy measurements

Klein,Vogt, PRL 91:142301,2003  
Kopeliovich, NP A696:669,2001 

E866: PRL 84, 3256 (2000) 
NA3: ZP C20, 101 (1983)

M.Leitch

Huge 
“absorption” 

effect 

d⇥
dxF

(pA� J/⇤X)

d⇥
dxF

(�A� J/⇤X)

xF

A2/3 component

A1 component

Fits conventional PQCD subprocesses

Violates PQCD 
factorization!

Hoyer, Sukhatme, Vanttinen

Violates PQCD Factorization: A�(xF ) not A�(x2)77
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574 R. Vogt, Xl. Brodsky /Physics Letters B 349 (1995) 569-575 

0.0 0.5 1.0 

% 

Fig. 3. The fi# pair distributions are shown in (a) and (c) for the 

pion and proton projectiles. Similarly, the distributions of J/$‘s 

from the pairs are shown in (b) and (d). Our calculations are 

compared with the n-N data at 150 and 280 GeV/c [ I]. The 

x++, distributions are normalized to the number of pairs from both 

pion beams (a) and the number of pairs from the 400 GeV proton 

measurement (c) The number of single J/e’s is twice the number 

of pairs. 

x+ = ~it,/pt,~a~ in Fig. 3. The +$ pair distributions 

are shown in Fig. 3(a) and 3(c) and the associated 

the single J/I) distributions in pair events are shown 

in Fig. 3(b) and 3(d) . Both are normalized to the 

data with the single J/r/ normalization twice that of 

the pair. 

4. Other tests of the intrinsic heavy quark 

mechanism 

The intrinsic charm model provides a natural expla- 

nation of double J/e hadroproduction and thus gives 

strong phenomenological support for the presence of 

intrinsic heavy quark states in hadrons. While the gen- 

eral agreement with the intrinsic charm model is quite 

good, the excess events at medium xlfi~l suggests that 

intrinsic charm may not be the only @$ QCD produc- 

tion mechanism present or that the model parameteri- 

zation with a constant vertex function is too oversim- 

plified. The x,++,+ distributions can also be affected by 

the A dependence. Additional mechanisms, including 

an update of previous models [ 3-71, will be presented 

in a separate paper [ 81. 

The intrinsic heavy quark model can also be used to 

predict the features of heavier quarkonium hadropro- 

duction, such as YY, Y$, and (6~) (Eb) pairs. Using 

fib = 4.6 GeV, we find that the single Y and YY pair 

x distributions are similar to the equivalent I,& distri- 

butions. The average mass, (MYY), is 21.4 GeV for 

pion projectiles and 21.7 GeV for a proton, a few GeV 

above threshold, 2my = 18.9 GeV. The xy@ pair distri- 

butions are also similar to the +@ distributions but we 

note that (xy) = 0.44 and (xe) = 0.30 from a l&fcCbb) 

configuration and (xy) = 0.39 and (x$) = 0.27 from 

a luudc&) configuration. Here (MY@) = 14.9 GeV 

with a pion projectile and 15.2 GeV with a proton, 

again a few GeV above threshold, my + rn+ = 12.6 

GeV. 

It is clearly important for the double J/+ measure- 

ments to be repeated with higher statistics and also at 

higher energies. The same intrinsic Fock states will 

also lead to the production of multi-charmed baryons 

in the proton fragmentation region. It is also interesting 

to study the correlations of the heavy quarkonium pairs 

to search for possible new four-quark bound states and 

final state interactions generated by multiple gluon ex- 

change [ 71. It has been suggested that such QCD Van 

der Waals interactions could be anomalously strong at 

low relative rapidity [ 22,231. 

There are many ways in which the intrinsic heavy 

quark content of light hadrons can be tested. More 

measurements of the charm and bottom structure func- 

tions at large XF are needed to confirm the EMC data 

[ 151. Charm production in the proton fragmentation 

region in deep inelastic lepton-proton scattering is sen- 

sitive to the hidden charm in the proton wavefunction. 

The presence of intrinsic heavy quarks in the hadron 

wavefunction also enhances heavy flavor production 

in hadronic interactions near threshold. More gener- 

ally, the intrinsic heavy quark model leads to enhanced 

open and hidden heavy quark production and leading 

particle correlations at high XF in hadron collisions 

with a distinctive strongly-shadowed nuclear depen- 

dence characteristic of soft hadronic collisions. 
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[ 121. For soft interactions at momentum scale CL, the 

intrinsic heavy quark cross section is suppressed by a 

resolving factor cc &2/m; [ 131. 

There is substantial circumstantial evidence for the 

existence of intrinsic CL! states in light hadrons. For ex- 

ample, the charm structure function of the proton mea- 

sured by EMC is significantly larger than predicted by 

photon-gluon fusion at large XBj [ 151. Leading charm 

production in TN and hyperon-N collisions also re- 

quires a charm source beyond leading twist [ 13,161. 

The NA3 experiment has also shown that the single 

J/$ cross section at large XF is greater than expected 

from gg and q?j production [ 171. Additionally, intrin- 

sic charm may account for the anomalous longitudi- 

nal polarization of the J/+4 at large XF [ 181 seen in 

?rN -+ J/+X interactions. 

Over a sufficiently short time, the pion can contain 

Fock states of arbitrary complexity. For example, two 

intrinsic CC pairs may appear simultaneously in the 

quantum fluctuations of the projectile wavefunction 

and then, freed in an energetic interaction, coalesce 

to form a pair of I,!J’s. We shall estimate the creation 
-- 

probability of ~~vcccc) Fock states, where nv = &I for 

7~- and nv = uud for proton projectiles, assuming that 

all of the double J/I,~ events arise from these configu- 

rations. We then examine the x+$ and invariant mass 

distributions of the $$ pairs and the x,,+ distribution 

for the single $‘s arising from these Fock states. 

2. Intrinsic charm Fock states 

The probability distribution for a general n-particle 

intrinsic CC Fock state as a function of x and kr is 

written as 

(1) 

where N,, normalizes the Fock state probability. In 

the model, the vertex function in the intrinsic charm 

wavefunction is assumed to be relatively slowly vary- 

ing; the particle distributions are then controlled by the 

light-cone energy denominator and phase space. This 

form for the higher Fock wavefunctions generalizes 

for an arbitrary number of light and heavy quark com- 

ponents. The Fock states containing charmed quarks 

can be materialized by a soft collision in the target 

which brings the state on shell. The distribution of 

produced open and hidden charm states will reflect the 

underlying shape of the Fock state wavefunction. 

The invariant mass of a c.? pair, M,, from such a 

Fock state is 

(2) 

where n = 4 and 5 is the number of partons in the 

lowest lying meson and baryon intrinsic CC Fock states. 

The probability to produce a J/(/I from an intrinsic 

CT state is proportional to the fraction of intrinsic ci? 

production below the Or, threshold. The fraction of 

CC pairs with 2m, < MC? < 2rno is 

The ratio fc~jr is approximately 15% larger than fc~iP 

for 1.2 < m, < 1.8 GeV. However, not all c?‘s pro- 

duced below the DB threshold will produce a final- 

state J/S. We include two suppression factors to es- 

timate J/q5 production, one reflecting the number of 

quarkonium channels available with McT < 2rno and 

one for the c and C to coalesce with each other rather 

than combine with valence quarks to produce open 

charm states. The “channel” suppression factor, s, z 

0.3, is estimated from direct and indirect J/$ produc- 

tion, including x1 and xz radiative and +’ hadronic 

decays. The combinatoric “flavor” suppression factor, 

of, is l/2 for a IEdcC) state and l/4 for a IuudcC) 

state. In Fig. 1 we show the predicted fraction of $‘s 

produced from intrinsic CC pairs, 

f@lh = s,sf.fE/h ) (4) 

as a function of m,. We take m, = I .5 GeV, suggesting 

f ur  M 0.03 and f e j p M 0.014. 

NA3 Data

πA! J/ψJ/ψX

µ2
R = CQ2

⌅(Q2) = C0 + C1�s(µR) + C2�2
s(µR) + · · ·

⇧ = 1
2x�P+

⇥p⌅ µ+µ�p

Oberwölz

All events have xF
⌃⌃ > 0.4 !

⇧(pp⌅ cX) ⇤ 1µb

Excludes `color drag’ model

R. Vogt, sjb 
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X

pp� p + J/� + p

pp� p + H + p

Also:

c

c̄

< xF >= 0.33

Minimize LF energy denominator

pp� p + J/� + p

pp� p + H + p

Also:

c

c̄

< xF >= 0.33

Minimize LF energy denominator

pp� p + J/� + p

pp� p + H + p

Also:

c

c̄

< xF >= 0.33

Minimize LF energy denominator

pp� p + J/� + p

pp� p + H + p

Also:

c

c̄

< xF >= 0.33

Minimize LF energy denominator

X R. Vogt, sjb 

Cannot be explained  
by Color Drag Model
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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
Important corrections to B decays; Quarkonium decays

Gardner, Karliner, sjb

Explain Tevatron anomalies: pp̄! �cX,ZcX

Rules out color drag (Pythia)

80



A

p

Q̄

Intrinsic heavy quark probability in the nucleon maximal at minimum off-shellness

|Δy| < 2  

Quarkonium produced nearly at rest — has small rapidity in target rest frame

Ep = 6.5 TeV

J/ ,⌥

SMOG target at rest 

p
Q

g

pA ! J/ X
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p p

µ+ µ�

-10+10

+20 0 +2

CM frame

Rest frame  (SMOG)

�y = +10p
p

�y = ya � yb = log P+
a

P+
b

yCM

yRF

⇤c

-8

⇤c

g

g

c̄

c̄

c

c

ISR xF (⇤c) = 0.8

LFWF: boost invariant
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p

Excitation of Intrinsic Heavy Quarks in a Fixed Target

Amplitude maximal at minimal invariant mass,  
in target rapidity domain!

xi �
m�i�n
j m�j

g

Heavy states produced in  TARGET rapidity region

6.5 TeV  p 

Test at Smog@LHCb

d�

dyJ/ 
(pA! J/ X)

Produce J/ ,⌥,⇤c,⇤b, |ccu >, |cudc̄ >, |cuuddduc̄ >, · · ·

�y = y|QQ̄> � ytarget = log x|QQ̄> = O(1)

p
s =

p
13000 = 115 GeV

⇤b,⌅(ccu),⌅(bbu) · · ·

discussions with M.  Williams

Fixed 
Gas Jet 
Target ⇤b
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A

p

Intrinsic heavy quark probability in the nucleon maximal at minimum off-shellness

|Δy| < 2  

Heavy hadrons produced nearly at rest — has small rapidity in target rest frame

Ep = 6.5 TeV

SMOG target at rest 

p

g

pA ! ⇤cX

⇤c

c̄

c

u

d
u

A-1

�pp!⇤cX ⇠ 1% �pp!X
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A

p

Intrinsic heavy quark probability in the nucleon maximal at minimum off-shellness

|Δy| < 2  

Quarkonium produced nearly at rest — has small rapidity in target rest frame

Ep = 6.5 TeV

SMOG target at rest 

p

g

u

d
u

A-1

⇤b

b

b̄

pA ! ⇤bX

�pp!⇤bX ⇠ 0.1% �pp!X
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A

p

Intrinsic heavy quark probability in the nucleon maximal at minimum off-shellness

|Δy| < 2  

Tetraquark produced nearly at rest — has small rapidity in target rest frame

Ep = 6.5 TeV

SMOG target at rest 

p

g

c̄

c
u

dA-1

Tetraquark

pA ! Tetraquark(|cuc̄d̄ >)X

d̄

d
u
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Superconformal Algebra
2X2 Hadronic Multiplets: 4-Plet

&%
'$ue &%

'$e ee
�M , LB + 1  B+, LB

-R
†
�

&%
'$e ee
 B�, LB + 1

&%
'$e eu u
�T , LB

-R
†
�

Figure 1: The supersymmetric quadruplet {�M , B+, B�,�T }. Open circles represent
quarks, full circles antiquarks. The tetraquark has the same mass as its baryon partner in the
multiplet. Notice that the LF angular momentum of the negative-chirality component wave
function of a baryon  B� is one unit higher than that of the positive-chirality (leading-twist)
component  B+.

spinor wavefunction  B+ and  B�, plus two bosonic wave functions, namely the meson

�B and the tetraquark �T . These states can be arranged as a 2⇥ 2 matrix:

 
�M(LM = LB + 1)  B�(LB + 1)

 B+(LB) �T (LT = LB)

!
, (21)

on which the symmetry generators (1) and the Hamiltonian (17) operate 9.

According to this analysis, the lowest-lying light-quark tetraquark is a partner of

the b1(1235) and the nucleon; it has quantum numbers I, J
P = 0, 0+. The partners of

the a2(1320) and the �(1233) have the quantum numbers I = 0, JP = 1+. Candidates

for these states are the f0(980) and a1(1260), respectively.

2.4 Inclusion of quark masses and comparison with experiment

We have argued in [11] that the natural way to include light quark masses in the

hadron mass spectrum is to leave the LF potential unchanged as a first approximation

and add the additional term of the invariant mass �m
2 =

P
n

i=1
m

2
i

xi
to the LF kinetic

energy. The resulting LF wave function is then modified by the factor e
� 1

2��m
2
, thus

providing a relativistically invariant form for the hadronic wave functions. The e↵ect of

the nonzero quark masses for the squared hadron masses is then given by the expectation

value of �m
2 evaluated using the modified wave functions. This prescription leads to

9It is interesting to note that in Ref. [20] mesons, baryons and tetraquarks are also hadronic states
within the same multiplet.

12

Meson Baryon

TetraquarkBaryon

Bosons, Fermions with Equal Mass!

Proton: |u[ud]> Quark + Scalar Diquark
Equal Weight: L=0, L=1

R†
� q ! [q̄q̄]

3C ! 3C

R†
� q̄ ! [qq]

3̄C ! 3̄C

Guy de Tèramond,  Hans Günter Dosch, sjb• Fubini, Rabinovici
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New World of Tetraquarks

• Diquark Color-Confined Constituents: Color

• Diquark-Antidiquark bound states

• Confinement Force Similar to quark-antiquark 
mesons

• Isospin                            Charge 

3C ⇥ 3C = 3̄C + 6C

3̄C

3̄C ⇥ 3C = 1C

Q = 0,±1,±2I = 0,±1,±2
1/10/2015 NeoFronteras » Confirman Z(4430) - Portada -

http://neofronteras.com/?p=4405 2/11

Los quarks tienen además de carga eléctrica una carga distinta que se ha llamado carga de color y que
puede ser roja, verde o azul (es una analogía, obviamente no tienen color real), con sus correspondientes
anticolores. Combinando quarks se consiguen partículas con carga de color neutra. Los leptones son
partículas de spin semientero, en concreto son el electrón, el muón y el tau con sus correspondientes
neutrinos asociados.
Además de todo ello, hay partículas de spin entero (bosones) que son los portadores de las fuerzas. Los
quarks y leptones interaccionan intercambiando bosones virtuales de fuerza, partículas que no tienen
consistencia real. Un electrón se ve atraído por otro porque se intercambian fotones virtuales (los bosones
de la fuerza electromagnética).

Esquema del modelo estándar. Foto: Fermilab.

Para crear un protón se necesitan tres quaks, dos quark up y uno down que se mantienen unidos gracias a que intercambian unos bosones
virtuales denominados gluones que son los portadores de la fuerza nuclear fuerte.
Los conjuntos de quarks, como el protón, se denominan hadrones. Los hadrones de dos quarks son los mesones (color y anticolor) y los de
tres (tres colores que dan neutro) se llaman bariones. Así que Z(4430) es un hadrón.
La cromodinámica cuántica predice la existencia de hadrones exóticos, además de los bariones y mesones conocidos, esta teoría de campos
predice la existencia de tetraquarks (dos colores y sus correspondientes anticolores), pentaquarks (tres colores y un color y anticolor),

uud̄d̄ uus̄d̄ uus̄s̄

Q= +2 Q= - 1

Bound!

de Tèramond, Dosch, Lorce, 
sjb

Complete Regge 
spectrum in n, L
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A

p

Intrinsic heavy quark probability in the nucleon maximal at minimum off-shellness

|Δy| < 2  

Produced nearly at rest — has small rapidity in target rest frame

Ep = 6.5 TeV

SMOG target at rest 

p

g

c̄

c

u

d
u

A-1

Pentaquark

pA ! Pentaquark(|uudcc̄ >)X

89



A

p

Intrinsic heavy quark probability in the nucleon maximal at minimum off-shellness

|Δy| < 2  

Produced nearly at rest — has small rapidity in target rest frame

Ep = 6.5 TeV

SMOG target at rest 

g

c̄

c

d
u

Octoquark!

A-2

pA ! Octoquark(|uuduudcc̄ >)X

u

d
u

u
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Ratio insensitive 
to gluon PDF, 

scales

�⇥(p̄p� �cX)
�⇥(p̄p� �bX)

Signal for significant 
IC  

at x > 0.1 

Measurement of !þ bþ X and !þ cþ X Production Cross Sections
in p !p Collisions at

ffiffiffi
s

p ¼ 1:96 TeV
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Ratio Data/Theory for p bar{p} -> γ + c +X  
(D0  experiment) at s1/2 = 1.96 TeV (left) 

pT –spectrum in 

V.A.Bednyakov, M.A.Demichev,G.I.Lykasov, 
T.Stavreva, M.Stockton, Phys.Lett. B728 
(2014) 602 (right). 

V,M,Abazov, et al. (D0) Phys.Rev.Lett. 
102 (2009) 192002. 

Tevatron LHC

93



R=σ(γ + c)/σ(γ + b) for p bar{p} -> γ + Q at 
s1/2 = 1.98 TeV  (left) 

V,M,Abazov, et al. (D0) Phys.Lett. B719 
 (2013 ) 354 . 

A.V.Lipatov, G.I.Lykasov, Yu.Yu.Stepanenko, 
V.A.Bednyakov,   

Phys.Rev. D94 , 053011 (2016) ; 
S.J.Brodsky, V.A.Bednyakov, G.I.Lykasov,  

J.Smiesko,  S.Tokar,   
arXiv:1612.01351 , Prog. Part.Nucl.Phys. in 

press 

R=σ(γ + c)/σ(γ + b) for p p -> γ + Q 
 at s1/2 = 8 TeV  (right) 

Tevatron LHC

�(pp!�cX)
�(pp!�bX)
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 BOE ੁ� 	SJHIU
 QSPEVDUJPO JO  DPMMJTJPO
DBMDVMBUFE BT B GVODUJPO PG UIF ੁ CPTPO USBOTWFSTF NPNFOUVN 5 BU ߗ � �� 5F7 XJUIJO
UIF .$'. SPVUJOF�

����� ਾ	ੁ
�CPTPO BOE  	
�KFU 1SPEVDUJPO3Ry

-FU VT BOBMZ[F BOPUIFS IBSE QSPDFTTFT PG UIF QSPEVDUJPO PG WFDUPS CPTPO BDDPNQBOJFE CZ
UIF  BOE  KFUT JO  DPMMJTJPO XIJDI DBO HJWF VT BMTP JOGPSNBUJPO PO UIF JOUSJOTJD DIBSN JO
QSPUPO <��>� ঌF -0 2$% EJBHSBN GPS UIF QSPDFTT ਸG	 ˀਸG
 � ੈ ޛ ੁ� � ਸG	 ˀਸG
 JT QSFTFOUFE
JO 'JH� ����� ঌFTF IBSE TVCQSPDFTTFT DBO HJWF UIF NBJO DPOUSJCVUJPO UP UIF SFBDUJPO  ޛ	�ੁޛ ੌ� � 
ߏੌ�ਸG	 ˀਸG
�ਿߏ  XIJDI DPVME BMTP HJWF VT JOGPSNBUJPO PO UIF *$ DPOUSJCVUJPO3R8

JO UIF QSPUPO�
ঌF -02$% EJBHSBN GPS UIF QSPDFTTਸG	 ˀਸG
�ੈ ޛ ਾq�ਸව

G 	 ˀਸව
G 
 JT QSFTFOUFE JO 'JH� ����

XIFSF ਸG �   BOE ਸව
G �  � ঌFTF IBSE TVCQSPDFTTFT DBO HJWF UIF NBJO DPOUSJCVUJPO UP

UIF SFBDUJPO  ޛ ਾq	ޛ ੌ� � ౿
 � ਸව
G 	 ˀਸව

G 
�KFU � ਿ  XIJDI DPVME HJWF VT JOGPSNBUJPO OPU
POMZ PO UIF *$ DPOUSJCVUJPO CVU BMTP PO UIF *4 JO UIF QSPUPO�3ky

"U /-0 JO 2$% ਾ�ੁ � ਸੇ EJBHSBNT PইFO NPSF DPNQMJDBUFE UIBO UIF POFT QSFTFOUFE
JO 'JHT� ���� BOE ���� NVTU BMTP CF DPOTJEFSFE� "T DBO CF TFFO JO 'JH� ���� UIF IFBWZ ७BWPS
KFUT JO UIF ६OBM TUBUF PG UIFTF EJBHSBNT DPNF GSPN B HMVPO TQMJ৾JOH TPNFXIFSF BMPOH UIF
FWFOU DIBJO BOE EPFT UIVT OPU GFBUVSF BOZ JOUSJOTJD RVBSL DPOUSJCVUJPO� *G UIF DSPTT�TFDUJPOT
PG UIFTF EJBHSBNT JT MBSHF FOPVHI UIF DPODMVTJPOT BCPVU UIF TFOTJUJWJUZ PG B NFBTVSFNFOU3k8

UP JOUSJOTJD DIBSN BU UIF -)$ XJMM CF B५FDUFE� *U JT UIVT JNQPSUBOU UP DPOTJEFS 2$% /-0
DBMDVMBUJPOT JO UIF DVSSFOU TUVEZ�

5P UIJT FOE XF DBMDVMBUFE UIF 5�TQFDUSB PG IFBWZ ७BWPS KFUT 	 BOE 
 JO BTTPDJBUJPOXJUI
B WFDUPS CPTPO QSPEVDFE BU /-0 JO  DPMMJTJPOT BU ߗ � � 5F7 VTJOH UIF QBSUPO MFWFM .POUF
$BSMP 	.$
 HFOFSBUPS .$'. WFSTJPO ��� <��>� ঌF /-0 DPSSFDUJPOT JODMVEF UIF TQMJ৾JOH PG3jy

B HMVPO JOUP B QBJS PG IFBWZ ७BWPS RVBSLT BOE UIVT QSPWJEFT B CF৾FS EFTDSJQUJPO PG TVDI
QSPDFTT UIBO XIBU JT ZJFMEFE CZ QBSUPO TIPXFST BU MFBTU GPS UIF ६STU TQMJ৾JOH� ঌF MBDL PG
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BOE  �  	 � ਾ PS ੁ 
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dσ
dpT

(pp → Z + c + X)( fb)
dσ
dpT

(pp → Z + b + X)( fb)

s = 13 TeV

IC(3.5%)

IC(0%) × 0.1
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Ratio between the x-sections of  γ +c and γ + b production in p-p collision at s1/2 = 8 
TeV integrated over  pT.  (left) and the similar ratio between Z+c and Z+b production  

  cross  sections  (right).  Bands mean the QCD scale uncertainty . 
 A.V.Lipatov, G.I.Lykasov, Yu.Yu.Stepanenko, V.A.Bednyakov,   

Phys.Rev. D94 , 053011 (2016) ; 
S.J.Brodsky, V.A.Bednyakov, G.I.Lykasov,  J.Smiesko,  S.Tokar,   

arXiv:1612.01351 , Prog. Part.Nucl.Phys. in press 

�(pp!�cX)
�(pp!�bX) �(pp!Z0cX)
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Novel Features of Heavy Quark 
Phenomenology 

 Stan BrodskyForward Physics 
Workshop, 

Guanajuato, Mexico
21 November 2019

Why is Intrinsic Heavy Quark 
Phenomena Important?

•Test Fundamental QCD predictions OPE, Non-Abelian 
QCD

•Test non-perturbative effects

•Important for correctly identifying the gluon distribution

•High-xF open and hidden charm and bottom; discover 
exotic states

•Explain anomalous high pT charm jet + γ data at 
Tevatron

• Important source of high energy ν at IceCube

Non-Abelian: PQQ̄ / 1
M2

QQ̄

Abelian: PQQ̄ / 1
M4

QQ̄
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two factors: a heavy quark loop diagram connecting the
photons to the exchanged gluons, times the gauge invari-
ant matrix element of a product of gluon field strengths
< p|Gn

µν |p >. Because of the non-Abelian coupling, a sin-
gle field strength can correspond to one or two exchanged
gluons. For heavy quark masses, m2

Q ≫ Λ2
QCD the heavy

quark loop contracts to an effective local operator, so that
the field strengths in the matrix element are all evaluated
at the same local point. The minimal gluon exchange
contribution (n = 2) gives the leading twist photon-
gluon fusion contribution. Since < p|Gn|p > scales as

(Λ2
QCD)

n−1
, each extra gluon field strength connecting

to the heavy quark loop must give a factor of (1/m2
Q).

(Higher derivatives in the matrix element are further sup-
pressed.) Thus one pays a penalty of a factor (Λ2/m2

Q) as
the number of exchanged gluon fields is increased. How-
ever, as we shall see, the suppression from the multiple
gluon exchange contributions are systematically compen-
sated by fewer powers of energy threshold factors, so that
at threshold multi-gluon contributions will dominate. A
similar effective field theory operator analysis has been
used [4] to estimate the momentum fraction carried by
intrinsic heavy quarks in the proton [5,6].
In this paper, we will use reasonable conjectures for

the short distance behavior of hadronic matter inferred
from properties of perturbative QCD and effective heavy
quark field theory to estimate the behavior of the reaction
cross section.
The effective proton radius in charm photoproduction

near threshold can be determined from the following ar-
gument [7,8]. As indicated in Fig. 2a, most of the pro-
ton momentum may first be transferred to one (valence)
quark, followed by a hard subprocess γq → ccq. If the
photon energy is Eγ = ζEth

γ , where Eth
γ is the energy

at kinematic threshold (ζ ≥ 1), the valence quark must
carry a fraction x = 1/ζ of the proton (light-cone) mo-
mentum. The lifetime of such a Fock state (in the light-
cone or infinite momentum frame) is τ = 1/∆E, where

∆E =
1

2p

[

m2
p −

∑

i

p2i⊥ +m2
i

xi

]

≃
Λ2
QCD

2p(1− x)
(1)

For x = 1/ζ close to unity such a short lived fluctuation
can be created (as indicated in Fig. 2a) through momen-
tum transfers from valence states (where the momentum
is divided evenly) having commensurate lifetimes τ and
transverse extension

r2⊥ ≃
1

p2
⊥

≃
ζ − 1

Λ2
QCD

(2)

This effective proton size thus decreases towards thresh-
old (ζ → 1), reaching r2⊥ ≃ 1/m2

c at threshold (ζ − 1 ≃
Λ2
QCD/m2

c).
As the lifetimes of the contributing Fock states ap-

proach the time scale of the cc creation process, the time

ordering of the gluon exchanges implied by Fig. 2a ceases
to dominate higher-twist contributions such as that of
Fig. 2b [8]. There are in fact reasons to expect that the
latter diagrams give a dominant contribution to charmo-
nium production near threshold. First, there are many
more such diagrams. Second, they allow the final state
proton to have a small transverse momentum (the glu-
ons need p⊥ ≃ mc to couple effectively to the cc pair, yet
the overall transfer can still be small in Fig. 2b). Third,
with several gluons coupling to the charm quark pair its
quantum numbers can match those of a given charmo-
nium state without extra gluon emission.

cγ

(a)

c_

p

g

g
g

c

p

γ

(b)

c_

gg

FIG. 2. Two mechanisms for transferring most of the
proton momentum to the charm quark pair in γp → ccp near
threshold. The leading twist contribution (a) dominates at
high energies, but becomes comparable to the higher-twist
contribution (b) close to threshold.

The above discussion is generic, and does not indicate
how close to threshold the new effects actually manifest
themselves. While this question can only be settled by
experiment, we rely on a simple model to get an estimate
of the cross section.
Near-threshold charm production probes the x ≃ 1

configuration in the target, the spectator partons car-
rying a vanishing fraction x ≃ 0 of the target momen-
tum. This implies that the production rate behaves near
x → 1 as (1 − x)2ns where ns is the number of specta-
tors [9]. Perturbative QCD predicts three different glu-
onic components of the photoproduction cross-section:
i) The leading twist (1− x)4 distribution for the process
γq → ccq, which leaves two quarks spectators (Fig. 2a);
ii) Scattering on two quarks in the proton with a net

distribution (1−x)2

R2M2 , γqq → ccqq, leaving one quark spec-
tator; iii) Scattering on three quark cluster (Fig. 2b) in

the proton with a net distribution (1−x)0

R4M4 , γqqq → ccqqq,
leaving no quark spectators. There is some arbitrariness
in the definition of x close to threshold. We shall use
x = (2mpM+M2)/(s − m2

p), where s = E2
CM and M

is the mass of the cc pair, which has the property x = 1
at threshold. The relative weight of scattering from mul-
tiple quarks is given by the probability 1/R2M2 that a
quark in the proton of radius R ≃ 1 fm is found within
a transverse distance 1/M (see Ref. [10]).
The two-gluon exchange contribution produces odd

C quarkonium γgg → J/ψ, thus permitting exclusive
γp → J/ψp production. The photon three-gluon cou-
pling γggg → cc produces a roughly constant term at
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Photoproduction of charm near threshold
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Charm and bottom production near threshold is sensitive to the multi-quark, gluonic, and hidden-
color correlations of hadronic and nuclear wavefunctions in QCD since all of the target’s constituents
must act coherently within the small interaction volume of the heavy quark production subprocess.
Although such multi-parton subprocess cross sections are suppressed by powers of 1/m2

Q, they have
less phase-space suppression and can dominate the contributions of the leading-twist single-gluon
subprocesses in the threshold regime. The small rates for open and hidden charm photoproduction
at threshold call for a dedicated facility.

PACS: 13.60.Le, 13.60.-r, 12.40.Nn, 12.40.Lg

The threshold regime of charmonium and open charm
production can provide a new window into multi-quark,
gluonic, and hidden-color correlations of hadronic and
nuclear wavefunctions in QCD. For example, consider
charm photoproduction γ p → J/ψ p at the threshold
energy Elab

γ = 8.20 GeV. [See Fig. 1.] The available pro-
duction energy cannot be wasted at threshold, so all three
valence quarks of the target nucleon must interact coher-
ently within the small interaction volume of the heavy
quark production subprocess. In the case of threshold
charm photoproduction on a deuteron γ d → J/ψ d,
all color configurations of the six valence quarks will be
involved at the short-distance scale 1/mc. Thus the ex-
changed gluons can couple to a color-octet quark cluster
and reveal the “hidden-color” part of the nuclear wave
function, a domain of short-range nuclear physics where
nucleons lose their identity [1–3].
At high energies the dominant contribution to an inclu-

sive process involving a hard scale Q comes from “leading
twist” diagrams, characterized by only one parton from
each colliding particle participating in the large momen-
tum subprocess. Since the transverse size scale of the
hard collision is 1/Q, only partons within this distance
can affect the process. The likelihood that two partons of
the incident hadrons can be found so close to each other
is typically proportional to the transverse area 1/Q2 and
leads to the suppression of higher-twist, multi-parton
contributions. However, in contrast to charm produc-
tion at high energy, charm production near threshold re-
quires all of the target’s constituents to act coherently in
the heavy quark production process: only compact pro-
ton Fock states with a radius of order of the Compton
wavelength of the heavy quark can contribute to charm
production at threshold. Although the higher-twist sub-
process cross sections are suppressed by powers of 1/m2

c,

they have much less phase-space suppression at thresh-
old. Thus charm production at threshold is sensitive to
short-range correlations between the valence quarks of
the target, and higher-twist multi-gluon exchange reac-
tions can dominate over the contributions of the leading-
twist single-gluon subprocesses.

l
c

l
F

b

r
⊥

Vγ

p p

FIG. 1. The characteristic scales in elastic J/ψ produc-
tion on protons near threshold, Elab

γ = 8.20 GeV. The lon-
gitudinal coherence length of the cc fluctuation of the pho-
ton is short, lc ∼= 2Elab

γ /4m2
c = 0.36 fm. The large mass

of the charmed quark also imposes a small transverse size
r⊥ ∼ 1/mc = 0.13 fm on this fluctuation. The minimum
momentum transfer is large, tmin ∼ −1.7 GeV2. All of the
partons of the target wavefunction have to transfer their en-
ergy to the charm quarks within their proper creation time
1/mc, and must be within this transverse distance from the cc
and from each other, so that charm production near threshold
occurs at small impact distances b ∼ 1/mc ∼ 0.13 fm.

One can determine the power-law dependence of multi-
parton heavy quark production subprocesses using an
operator product analysis of the effective heavy quark
theory. The heavy quark photoproduction cross section
can be computed through the optical theorem from the
corresponding cut diagrams of the forward Compton am-
plitude. Such diagrams factorize into the convolution of

1
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quadratic sums of statistical and systematic errors are shown; the overall normalization uncertainty is 27%.
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states, which allow to discriminate between di↵erent pentaquark models.
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First measurement of near-threshold J/ exclusive photoproduction o↵ the proton
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We report on the measurement of the �p ! J/ p cross section from E� = 11.8 GeV down to the
threshold at 8.2 GeV using a tagged photon beam with the GlueX experiment. We find the total
cross section falls toward the threshold less steeply than expected from two-gluon exchange models.
The di↵erential cross section d�/dt has an exponential slope of 1.67 ± 0.39 GeV�2 at 10.7 GeV
average energy. The LHCb pentaquark candidates P+

c can be produced in the s-channel of this
reaction. We see no evidence for them and set model-dependent upper limits on their branching
fractions B(P+

c ! J/ p).
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Charmonium Production at Threshold

J/ c

c̄

Form nuclear bound-charmonium bound state!

p

Van der Waals  
attractive potential

(A-1)A
(A-2)

[J/ (A� 1)]

� A! [J/ (A� 1)] p

Also ⌘c
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Hidden Color in QCD
• Deuteron: Five color-singlet combinations of 6 color-triplets 

•  One Fock state  is n-p nucleon cluster, one state is ∆-∆ 

Lepage, Ji, sjb
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FLY THE CANADIAN WAY

Hidden Color 6-Quark Fock State

Rigorous Feature of QCD!
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Δ++(uuu)

D

A

x, ⃗k ⊥

(1 − x), − ⃗k ⊥

xi =
k+

i

P+
D

=
k0

i + kz
i

P0
D + Pz

D

Measure Hidden-Color Fock state of the Deuteron LFWF

Measure ℳ2
pn = (pΔ++ + pΔ−)2 =

k2
⊥ + M2

Δ

x(1 − x)

A′�

D + A → Δ++ Δ− + A′ �

ψΔΔ
D (x, ⃗k ⊥) = < Δ++(x, ⃗k ⊥)Δ−(1 − x, − ⃗k ⊥ |ΨD >

Δ−(ddd)
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• IC Explains Anomalous �(xF ) not �(x2)
dependence of pA⇥ J/⌅X

(Mueller, Gunion, Tang, SJB)

• Color Octet IC Explains A2/3 behavior at
high xF (NA3, Fermilab)
(Kopeliovitch, Schmidt, So�er, SJB)

• IC Explains J/⌅ ⇥ ⇤⇥ puzzle
(Karliner, SJB)

• IC leads to new e�ects in B decay
(Gardner, SJB)

Color Opaqueness

Higgs production at xF = 0.8
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Goldhaber, Kopeliovich, Schmidt, Soffer, sjb

H

Higgs can have > 80% of Proton Momentum!

Also: intrinsic strangeness, bottom, top

pp� HXp

p

c
c̄

g

New production mechanism for Higgs at the LHC

AFTER: Higgs production at threshold!

Intrinsic Heavy Quark Contribution  
to Inclusive Higgs Production
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Figure 3: The cross section of inclusive Higgs production in fb, coming

from the nonperturbative intrinsic bottom distribution, at both LHC

(
√

s = 14 TeV, solid curve) and Tevatron (
√

s = 2 TeV, dashed curve)

energies.

that the cross section for inclusive Higgs production from intrinsic bottom is much

higher than the one coming from intrinsic charm. Although it is true that the Higgs-

quark coupling, proportional to mQ, cancels in the cross section with PIQ ∝ 1/m2
Q,

the matrix element between IQ and Higgs wave functions has an additional mQ factor.

This is because the Higgs wave function is very narrow and the overlap of the two

wave functions results in ΨQQ(0) ∝ mQ. Thus, the cross section rises as m2
Q, as we

see in the results.

We can compare our predictions for inclusive Higgs production coming from

IB with our previous ansatz for the Higgs production gluon-gluon fusion process

xdN/dx = 6(1 − x)5. At the maximum (xF = 0.9) of the IB curve we get a value of

roughly 50 fb, while there gluon-gluon gives 0.067 fb. Thus this high-xF region is the

ideal place to look for Higgs production coming from intrinsic heavy quarks.

We obtain essentially the same curves for Tevatron energies (
√

s = 2 TeV) , al-

though the rates are reduced by a factor of approximately 3.

We also show in Fig.4 the results for Higgs production coming from the perturba-

tive charm distribution. The magnitude of the production cross section is considerably

12

Intrinsic Heavy Quark Contribution  to 
High xF Inclusive Higgs Production

⌅ = t + z/c

d⇤
dxF

(pp ⇥ HX)[fb]

fb

⇥q ⇥ ��q

��

⇥

p
Goldhaber, Kopeliovich, 

Schmidt, Soffer, sjb

LHC :
�

s = 14TeV

Tevatron :
�

s = 2TeV

Need High xF Acceptance
Most practical: Higgs to 4 muons 105



µ+

µ+

Beam envelope

Meters

Eµ+ = 1.75 TeV

M.Sullivan (preliminary)

Use LHC Magnetic Field as Downstream Muon Spectrometer

Measure exotic events  at 
SMOG@LHCb such as pA ! ⌥+ J/ X ! µ+µ�µ+µ�X

pp ! HX ! µ
+
µ
�
µ
+
µ
�
X
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p

N
A

J/ 

pA! J/ X

8C ⇥ 8C

(gg)8C + g8C ! J/ 

Strong shadowing of 
color-octet digluon

Front Surface 
dominated!

Crossing: Diffractive  
& pomeron exchange

Forward 
rapidity y ~4

Digluon-initiated subprocess!

 0 suppressed as it propagates through the nucleus

Another mechanism
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p

N
A

8C ⇥ 8C

Double-gluon subprocess for Higgs production at forward rapidity

H

pA! HX
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Two gluons at g(0.005) ⇠ 13
0.005 = 2600 vs. one gluon at g(0.01) ⇠ 8

0.01 = 800

xg(x,Q2)⇥ 0.1

di-gluon

one gluon
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p

Excitation of Intrinsic Heavy Quarks in a Fixed Target

Amplitude maximal at minimal invariant mass,  
in target rapidity domain!

xi �
m�i�n
j m�j

g

Heavy states produced in  TARGET rapidity region

6.5 TeV  p 

Test at Smog@LHCb

d�

dyJ/ 
(pA! J/ X)

Produce J/ ,⌥,⇤c,⇤b, |ccu >, |cudc̄ >, |cuuddduc̄ >, · · ·

�y = y|QQ̄> � ytarget = log x|QQ̄> = O(1)

p
s =

p
13000 = 115 GeV

⇤b,⌅(ccu),⌅(bbu) · · ·

discussions with M.  Williams

Fixed 
Gas Jet 
Target ⇤b
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A

p

Intrinsic heavy quark probability in the nucleon maximal at minimum off-shellness

|Δy| < 2  

Quarkonium produced nearly at rest — has small rapidity in target rest frame

Ep = 6.5 TeV

SMOG target at rest 

p

g

pA ! ⇤cX

⇤c

c̄

c

u

d
u

A-1

�pp!⇤cX ⇠ 1% �pp!X
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p p

µ+ µ�

-10+10

+20 0 +2

CM frame

Rest frame  (SMOG)

�y = +10p
p

�y = ya � yb = log P+
a

P+
b

yCM

yRF

⇤c

-8

⇤c

g

g

c̄

c̄

c

c

ISR xF (⇤c) = 0.8

LFWF: boost invariant
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J/ 
c

c̄
d̄

u

⇡+

⇢�

 ⇢�

cc̄ūd(xi,~k?,�i)

cc̄ flows into ⇢ IC LFWF

J/Ψ to ρ π  Puzzle

Suppressed for  0 ! ⇢⇡ because of node

Not OZI 
J/ ! ggg

J/ 

Not 13% 
VP decay violates 

hadron 
helicity conservation

NS62CH01-Brodsky ARI 17 September 2012 10:10

Karliner, sjb
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Vast array of novel physics studies at  
LHCb and SMOG@LHCb

• Heavy Quark Phenomena: Intrinsic + Extrinsic

• High-x Gluon Distributions

• Exotic Heavy Quark Spectroscopy

• Higher Fock States of Proton and Nuclei

• Strangeness Asymmetry

• Novel Drell-Yan Studies

• Nuclear and Heavy Ion Effects: Ridge, baryon to meson

• Ultra-Peripheral Collisions

• Single-Spin Asymmetries

• Many Advantages of Fixed Target at LHC (AFTER and 
SMOG@LHCb
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Novel Drell-Yan Physics Topics at LHCb

• Sivers effect: sign change in single-spin 
asymmetry

• Double Boer-Mulders Effect: Double initial-
state interactions at leading twist 

• Breakdown of Lam Tung and factorization 
theorems

• Flavor-Dependent Antishadowing (Explains 
NuTeV?)

• Analogous effects in gluon subprocesses

pA ! `¯̀X

gg ! QQ̄
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• Anti-Shadowing is Universal 

• ISI and FSI are higher twist effects and universal 

• High transverse momentum hadrons arise only 
from jet fragmentation  -- baryon anomaly! 

• Heavy quarks only from gluon splitting 

• Renormalization scale cannot be fixed 

• QCD condensates are vacuum effects 

• QCD gives 1042 to the cosmological constant 

• Colliding Pancakes

QCD Myths
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Features of the Principle of Maximum Conformality

• Predictions are scheme-independent

• Matches conformal series

• Commensurate Scale Relations between observables: Generalized 
Crewther Relation   

• No n! Renormalon growth

• New scale at each order; nF determined at each order

• Multiple Physical Scales Incorporated

• Rigorous: Satisfies all Renormalization Group Principles

• Reduces to standard Gell-Mann — Low Scale Setting for NC=0

• Realistic Estimate of Higher-Order Terms

• Eliminates unnecessary theory error

• Increases sensitivity to new physics

Lepage, Mackenzie, sjb
Ellis, Gardi, Karliner, Samuel, sjb

Wu, Mojaza, di Giustino, sjb
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FIG. 2. The thrust differential distributions using the con-
ventional (Conv.) and PMC scale settings. The dotdashed,
dashed and dotted lines are the conventional results at LO,
NLO and NNLO, respectively. The solid line is the PMC re-
sult. The bands for the theoretical predictions are obtained
by varying µr ∈ [MZ/2, 2MZ ]. The PMC prediction elim-
inates the scale µr uncertainty. The experimental data are
taken from the ALEPH [2], DELPH [3], OPAL [4], L3 [5] and
SLD [31] experiments.

• By fitting the conventional predictions to the ex-
perimental data, the extracted coupling constants
are deviated from the world average, and are also
plagued by significant µr uncertainty [32].

Due to the kinematical constraints, the domain of the
thrust distribution at LO and of the PMC scale is re-
stricted to the range of 0 ≤ (1 − T ) ≤ 1/3. After ap-
plying the PMC, in addition to the small values and the
monotonically increasing behavior of the PMC scale, the
magnitude of the conformal coefficients are small and its
behavior is very different from that of the conventional
scale setting. The resulting PMC predictions are in a-
greement with the experimental data with high precision
over the (1 − T ) region, while they show a slight de-
viation near the two-jet and multi-jet regions. Based on
the conventional scale setting, Ref.[8] has also found that
outside of the region of 0.04 ≤ (1−T ) ≤ 0.33, the pQCD
predictions are unreliable. Thus, in order to improve the
predictions near the two-jet and multi-jet regions, the
higher pQCD calculations may be needed for the PM-
C analysis. In addition, as we have already mentioned
above, the non-perturbative effects should be taken into
account in the two-jet region.
In addition to the differential distribution, the mean

value of event shapes have also been extensively mea-
sured and studied. Since the calculation of the mean
value involves an integration over the full phase space, it
provides an important platform to complement the differ-
ential distribution that afflict the event shapes especially
in the two-jet region and to determinate the coupling
constant.
The mean value ⟨τ⟩ (τ = (1− T )) of thrust variable is

defined by

⟨τ⟩ =
∫ τ0

0

τ

σh

dσ

dτ
dτ, (8)

where τ0 is the kinematical upper limit for the thrust
variable.

The electron-positron colliders have collected large
numbers of experimental data for the thrust mean value
over a wide range of center-of-mass energy (14 GeV ≤

√
s

≤ 206 GeV) [2–5, 33]. However, the pQCD prediction-
s based on the conventional scale setting substantially
deviate from the experimental data. Currently, the most
common way is to split the mean value into the perturba-
tive and non-perturbative contributions, which has been
studied extensively in the literature. However, some ar-
tificial parameters and theoretical models are introduced
in order to match the theoretical predictions with the ex-
perimental data. It is noted that the analysis of Ref.[2]
obtains a large value of αs and suggests that a better de-
scription for the mean value can be in general obtained
by setting the renormalization scale µr ≪

√
s.

The pQCD calculations for the mean value variables
have been given in Refs. [34, 35]. After applying the
PMC scale setting to the thrust mean value ⟨1− T ⟩, we
obtain the optimal PMC scale,

µpmc
r |⟨1−T ⟩ = 0.0695

√
s, (9)

which monotonously increases with
√
s, and is 0.0695

times the conventional choice µr =
√
s and thus

µpmc
r |⟨1−T ⟩ ≪

√
s. We notice that by taking

√
s =

MZ = 91.1876 GeV, the PMC scale µpmc
r |⟨1−T ⟩ = 6.3

GeV. This is reasonable, since we have shown in Fig.(1)
that the PMC scales of thrust differential distribution are
also very small in wide region of (1 − T ). By excluding
some results in multi-jet regions, the average of the PM-
C scale ⟨µpmc

r ⟩ of thrust differential distribution is also
close to the µpmc

r |⟨1−T ⟩. This shows that the PMC scale
setting is self-consistent.

We present the thrust mean value ⟨1 − T ⟩ versus the
center-of-mass energy

√
s using the conventional and

PMC scale settings in Fig.(3). In the case of the con-
ventional scale setting, the perturbative series shows a
slow convergence and the estimation of the magnitude
of unknown higher-order QCD corrections by varying
µr ∈ [

√
s/2, 2

√
s] is unreliable. The predictions are

plagued by scale µr uncertainty, and substantial devi-
ated from the experimental data even up to NNLO [34].
These cases are similar to those of the thrust differential
distributions based on the conventional scale setting.

Since the optimal PMC scales are small, and the mag-
nitude of conformal coefficients are very different from
those of the conventional scale setting, the resulting pre-
dictions for thrust mean value increase especially in the
small center-of-mass energy region. Fig.(3) shows that
the scale-independent PMC prediction is in excellent a-
greement with the experimental data in the wide center-

S.-Q. Wang, L. Di Giustino, X.-G. Wu, sjb

T. Gehrmann, N. H äfliger, P. F. Monni

Guessed scale

BLM-PMC Scale

Principle of Maximum Conformality (PMC)

Thrust Distribution in Electron-Positron Annihilation using the Principle of
Maximum Conformality

Sheng-Quan Wang1,2,∗ Stanley J. Brodsky2,† Xing-Gang Wu3,‡ and Leonardo Di Giustino2,4§
1Department of Physics, Guizhou Minzu University, Guiyang 550025, P.R. China

2SLAC National Accelerator Laboratory, Stanford University, Stanford, California 94039, USA
3Department of Physics, Chongqing University, Chongqing 401331, P.R. China and

4Department of Science and High Technology, University of Insubria, via valleggio 11, I-22100, Como, Italy
(Dated: February 6, 2019)

We present a comprehensive and self-consistent analysis for the thrust distribution by using the
Principle of Maximum Conformality (PMC). By absorbing all nonconformal terms into the running
coupling using PMC via renormalization group equation, the scale in the running coupling shows
the correct physical behavior and the correct number of active flavors is determined. The resulting
PMC predictions agree with the precise measurements for both the thrust differential distributions
and the thrust mean values. Moreover, we provide a new remarkable way to determine the running
of the coupling constant αs(Q

2) from the measurement of the jet distributions in electron-positron
annihilation at a single given value of the center-of-mass energy

√
s.

PACS numbers: 12.38.Bx, 13.66.Bc, 13.66.Jn, 13.87.-a

The event shape observables in electron-positron an-
nihilation play a crucial role in understanding Quantum
Chromodynamics (QCD). In the last three decades, the
event shape observables have been extensively studied ex-
perimentally and theoretically. In particular, the three-
jet production at the lowest order is directly proportional
to the QCD strong coupling constant, and thus the rele-
vant event shape observables have been used to determine
the coupling constant (see e.g. [1] for a review).

Due to the simple initial leptonic state, the three-jet
event shape observables can be measured with a high pre-
cision, especially at LEP [2–5]. The precision of experi-
mental measurements calls for an equally precise theoret-
ical prediction for three-jet event shapes. The next-to-
leading order (NLO) QCD calculations are known since
1980 [6–11], and the next-to-next-to-leading order (NN-
LO) calculations have been carried out in Refs.[12–16].
Despite the significant progress made in the last years
for both the pQCD calculations [17, 18] and the resum-
mation of large logarithms (see e.g. [19, 20]), the main
obstruction to achieve an accurate value of αs is not the
lack of precise experimental data but the dominant un-
certainties of the theoretical calculations, mainly due to
the choice of the renormalization scale µr.

It is well known that using the conventional scale set-
ting, the renormalization scale is simply set at the center-
of-mass energy µr =

√
s, and the uncertainties are evalu-

ated by varying the scale within an arbitrary range, e.g.
µr ∈ [

√
s/2, 2

√
s]. The three-jet event shape distribu-

tions using the conventional scale setting do not match
the experimental data, and the extracted values of αs in
general deviate from the world average [21].

The conventional procedure of setting the renormal-
ization scale introduces an inherent scheme-and-scale de-
pendence for the pQCD predictions. The scheme de-
pendence of the pQCD violates the fundamental prin-

ciple of the renormalization group invariance. The con-
ventional procedure gives wrong predictions for the A-
belian theory–Quantum Electrodynamics (QED), where
the scale of the coupling constant α can be set unam-
biguously by using the Gell-Mann-Low procedure [22].
The resulting perturbative series is in general factorially
divergent at large orders like n!βn

0 α
n
s –the “renormalon”

problem [23]. It has always been discussed whether the
inclusion of higher-order terms would suppress the scale
uncertainty; however, by simply varying the scale within
a given range of values fixed a priori, the estimation of
unknown higher-order terms is unreliable, and one can-
not judge whether the poor pQCD convergence is the
intrinsic property of pQCD series, or is due to improper
choice of scale.

The Principle of Maximum Conformality (PMC) [24–
28] provides a systematic way to eliminate renormaliza-
tion scheme-and-scale ambiguities. Since the PMC pre-
dictions do not depend on the choice of the renormal-
ization scheme, PMC scale setting satisfies the principles
of renormalization group invariance [29, 30]. The PMC
procedure reduces in the Abelian limit, NC → 0 [31], to
the standard Gell-Mann-Low method. The PMC deter-
mines the renormalization scale by absorbing the β terms
that govern the behavior of the running coupling via the
renormalization group equation. The divergent renor-
malon terms disappear and the convergence of pQCD
series can be thus greatly improved.

The thrust (T ) variable [32, 33] is one of the most fre-
quently studied three-jet event shape observables, which
is defined as

T =

max
n⃗

∑
i
|p⃗i · n⃗|

∑
i
|p⃗i|

, (1)

where the sum runs over all particles in the hadronic
final state, and the p⃗i denotes the three-momentum of
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We present a comprehensive and self-consistent analysis for the thrust distribution by using the
Principle of Maximum Conformality (PMC). By absorbing all nonconformal terms into the running
coupling using PMC via renormalization group equation, the scale in the running coupling shows
the correct physical behavior and the correct number of active flavors is determined. The resulting
PMC predictions agree with the precise measurements for both the thrust differential distributions
and the thrust mean values. Moreover, we provide a new remarkable way to determine the running
of the coupling constant αs(Q

2) from the measurement of the jet distributions in electron-positron
annihilation at a single given value of the center-of-mass energy
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The event shape observables in electron-positron an-
nihilation play a crucial role in understanding Quantum
Chromodynamics (QCD). In the last three decades, the
event shape observables have been extensively studied ex-
perimentally and theoretically. In particular, the three-
jet production at the lowest order is directly proportional
to the QCD strong coupling constant, and thus the rele-
vant event shape observables have been used to determine
the coupling constant (see e.g. [1] for a review).

Due to the simple initial leptonic state, the three-jet
event shape observables can be measured with a high pre-
cision, especially at LEP [2–5]. The precision of experi-
mental measurements calls for an equally precise theoret-
ical prediction for three-jet event shapes. The next-to-
leading order (NLO) QCD calculations are known since
1980 [6–11], and the next-to-next-to-leading order (NN-
LO) calculations have been carried out in Refs.[12–16].
Despite the significant progress made in the last years
for both the pQCD calculations [17, 18] and the resum-
mation of large logarithms (see e.g. [19, 20]), the main
obstruction to achieve an accurate value of αs is not the
lack of precise experimental data but the dominant un-
certainties of the theoretical calculations, mainly due to
the choice of the renormalization scale µr.

It is well known that using the conventional scale set-
ting, the renormalization scale is simply set at the center-
of-mass energy µr =
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s, and the uncertainties are evalu-

ated by varying the scale within an arbitrary range, e.g.
µr ∈ [

√
s/2, 2

√
s]. The three-jet event shape distribu-

tions using the conventional scale setting do not match
the experimental data, and the extracted values of αs in
general deviate from the world average [21].

The conventional procedure of setting the renormal-
ization scale introduces an inherent scheme-and-scale de-
pendence for the pQCD predictions. The scheme de-
pendence of the pQCD violates the fundamental prin-

ciple of the renormalization group invariance. The con-
ventional procedure gives wrong predictions for the A-
belian theory–Quantum Electrodynamics (QED), where
the scale of the coupling constant α can be set unam-
biguously by using the Gell-Mann-Low procedure [22].
The resulting perturbative series is in general factorially
divergent at large orders like n!βn

0 α
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s –the “renormalon”

problem [23]. It has always been discussed whether the
inclusion of higher-order terms would suppress the scale
uncertainty; however, by simply varying the scale within
a given range of values fixed a priori, the estimation of
unknown higher-order terms is unreliable, and one can-
not judge whether the poor pQCD convergence is the
intrinsic property of pQCD series, or is due to improper
choice of scale.

The Principle of Maximum Conformality (PMC) [24–
28] provides a systematic way to eliminate renormaliza-
tion scheme-and-scale ambiguities. Since the PMC pre-
dictions do not depend on the choice of the renormal-
ization scheme, PMC scale setting satisfies the principles
of renormalization group invariance [29, 30]. The PMC
procedure reduces in the Abelian limit, NC → 0 [31], to
the standard Gell-Mann-Low method. The PMC deter-
mines the renormalization scale by absorbing the β terms
that govern the behavior of the running coupling via the
renormalization group equation. The divergent renor-
malon terms disappear and the convergence of pQCD
series can be thus greatly improved.

The thrust (T ) variable [32, 33] is one of the most fre-
quently studied three-jet event shape observables, which
is defined as

T =

max
n⃗

∑
i
|p⃗i · n⃗|

∑
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|p⃗i|

, (1)

where the sum runs over all particles in the hadronic
final state, and the p⃗i denotes the three-momentum of

Renormalization scale depends on the thrust
Not constant

e+e− → Z → qq̄g
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Invariance Principles of Quantum Field Theory

• Polncarè Invariance:  Physical predictions must be 
independent of the observer’s Lorentz frame:  Front Form 

• Causality: Information within causal horizon:  Front Form 

• Gauge Invariance: Physical predictions of gauge theories 
must be independent of the choice of gauge 

• Scheme-Independence: Physical predictions of a 
renormalizable theory must be independent of the choice 
of the renormalization scheme —Principle of Maximum 
Conformality (PMC) 

• Mass-Scale Invariance:                                     
Conformal Invariance of the Action (DAFF) 
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