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Crucial Test of Leading -Twist QCD:
Scaling at fixed xT

Oberwölz

α(Q2) � 4π
β0

1
logQ2/Λ2

QCD

E dσ
d3p

(pN → pX) = F (xT ,θCM)

pneff
T

E dσ
d3p

(pN → πX) = F (xT ,θCM)

pneff
T

E dσ
d3p

(pN → pX) = F (xT ,θCM)
p2N
T

Parton model:    neff  = 4

As fundamental as Bjorken scaling  in DIS

Conformal scaling: neff  =  2 nactive - 4

xT =
2pT√

s
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Dimensional analysis

Scattering amplitude 1 2 · · · → . . . n has dimension

M ∼ [length]n−4

Consequence

In a conformal theory (no intrinsic scale), scaling of inclusive particle
production

E
dσ

d3p
(A B → C X ) ∼

∣

∣M
∣

∣

2

s2
=

F (x
⊥
,ϑcm)

p2nactive−4
⊥

where nactive is the number of fields participating to the hard process

x
⊥

= 2p
⊥
/
√

s and ϑcm: ratios of invariants

Francois Arleo (LAPTH) Higher-twist in hadron production Moriond QCD 2010 3 / 15

nactive = 4→ neff = 4
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Review of hard scattering and jet analysis Michael J. Tannenbaum
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Figure 9: (left) xT scaling [52] of direct photon data in p-p and p-p̄ collisions. The quantity plotted is

(
√
s)n×Ed3!/dp3(xT ) with n = 5.0. (right) xT scaling of jet cross sections measured in p-p̄ collisions by

CDF and D0 [55]. The quantity plotted is the ratio of p4T times the invariant cross section as a function of

xT for
√
s= 630 and 1800 GeV. Note that the theory curves are plotted in the same way in order to avoid as

much as possible uncertainties from the various parton distribution functions used.

of approximately 15 GeV/fm3. The theory curve appears to show a reduction in suppression with

increasing pT , while, as noted above, the data appear to be flat to within the errors, which clearly

could still be improved.

It is unreasonable to believe that the properties of the medium have been determined by a

theorist’s line through the data which constrains a few parameters of a model. The model and

the properties of the medium must be able to be verified by more detailed and differential mea-

surements. All models of medium induced energy loss [60] predict a characteristic dependence of

the average energy loss on the length of the medium traversed. This is folded into the theoretical

calculations with added complications that the medium expands during the time of the collision,

etc [61]. In an attempt to separate the effects of the density of the medium and the path length

traversed, PHENIX [33, 62] has studied the dependence of the #0 yield as a function of the an-

gle ($% ) to the reaction plane in Au+Au collisions (see Fig. 12). For a given centrality, variation

of $% gives a variation of the path-length traversed for fixed initial conditions, while varying the

centrality allows the initial conditions to vary. Clearly these data reveal much more activity than

the reaction-plane-integrated RAA (Fig. 11) and merit further study by both experimentalists and

theorists.

The point-like scaling of direct photon production in Au+Au collisions indicated by the ab-

13

E dσ
d3p

(pp→ γX)

√
snE dσ

d3p
(pp→ γX) at fixed xT

β ∝ Q2

m2

dσ
dxF

(pA→ J/ψX)

dσ
dxF

(πA→ J/ψX)

xF

xT-scaling of 
direct photon 

production: 
consistent with 

PQCD

Review of hard scattering and jet analysis Michael J. Tannenbaum

a given
√
s fall below the asymptote at successively lower values of xT with increasing

√
s, cor-

responding to the transition region from hard to soft physics in the pT region of about 2 GeV/c.

Although xT -scaling provides a rather general test of the validity QCD without reference to details,

the agreement of the PHENIX measurement of the invariant cross section for !0 production in p-p

collisions at
√
s= 200 GeV [30] with NLO pQCD predictions over the range 2.0≤ pT ≤ 15 GeV/c

(Fig. 4) is, nevertheless, impressive.
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Figure 4: (left) PHENIX [30] !0 invariant cross section at mid-rapidity from p-p collisions at
√
s= 200GeV,

together with NLO pQCD predictions fromVogelsang [31, 32]. a) The invariant differential cross section for

inclusive !◦ production (points) and the results from NLO pQCD calculations with equal renormalization

and factorization scales of pT using the “Kniehl-Kramer-Pötter” (solid line) and “Kretzer” (dashed line) sets

of fragmentation functions. b) The relative statistical (points) and point-to-point systematic (band) errors.

c,d) The relative difference between the data and the theory using KKP (c) and Kretzer (d) fragmentation

functions with scales of pT /2 (lower curve), pT , and 2pT (upper curve). In all figures, the normalization

error of 9.6% is not shown. (right) e) p-p data from a) multiplied by the nuclear thickness function, TAA,

for Au+Au central (0-10%) collisions plotted on a log-log scale (open circles) together with the measured

semi-inclusive !0 invariant yield in Au+Au central collisions at
√
sNN = 200 GeV [33]

3.1 The importance of the power law

A log-log plot of the !0 spectrum from Fig. 4a in p-p collisions, shown in Fig. 4e along with

corresponding data from Au+Au collisions [33], illustrates that the inclusive single particle hard-

scattering cross section is a pure power law for pT ≥ 3 GeV/c. The invariant cross section for !0

production can be fit to the form

Ed3#/dp3 & p−nT (3.3)

7

5
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Leading-Twist Contribution to Hadron Production
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Parton model and
Conformal Scaling:
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Hard and Soft Physics at RHIC with implications for LHC Michael J. Tannenbaum

pT ≥ 7 GeV/c (Fig. 3a). A fit to the new data [9] for 7.5 ≤ pT ≤ 14.0 GeV/c, 53.1 ≤
√
s ≤ 62.4

GeV gave Ed3!/dp3 $ p−5.1±0.4T (1− xT )12.1±0.6, (including all systematic errors).

The effective index neff(xT ,
√
s) was also extracted point-by-point from the data as shown in

Fig. 3b where the CCOR data of Fig. 3a for the 3 values of
√
s are plotted vs xT on a log-log scale.

neff(xT ,
√
s) is determined for any 2 values of

√
s by taking the ratio as a function of xT as shown

in Fig. 3c. neff(xT ,
√
s) clearly varies with both

√
s and xT , it is not a constant. For

√
s = 53.1

and 62.4 GeV, neff(xT ,
√
s) varies from ∼ 8 at low xT to ∼ 5 at high xT . An important feature

of the scaling analysis (Eq. 1.2) relevant to determining neff(xT ,
√
s) is that the absolute pT scale

uncertainty cancels!
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Figure 4: (left)-(top) Invariant cross section for inclusive "0 for several ISR experiments, compiled by

ABCS Collaboration [11]; (left)-(bottom) neff(xT ,
√
s) from ABCS 52.7, 62.4 data only. There is an ad-

ditional common systematic error of ±0.7 in n. (right)-a)
√
s(GeV)6.38 × Ed3!/dp3 as a function of

xT = 2pT/
√
s for the PHENIX 62.4 and 200 GeV "0 data from Fig. 1; (right)-b) point-by-point neff(xT ,

√
s).

The effect of the absoulte scale uncertainty, which is the main systematic error in these exper-

iments, can be gauged from Fig. 4-(left)-(top) [11] which shows the "0 cross sections from several

experiments. The absolute cross sections disagree by factors of ∼ 3 for different experiments but
the values of neff(xT ,

√
s) for the CCOR [9] (Fig. 3-(right)-(bottom)) and ABCS [11] experiment

(Fig. 4-(left)-(bottom)) are in excellent agreement due to the cancellation of the error in the ab-

solute pT scale. The xT scaling of the PHENIX p-p "
0 data at

√
s = 200 and 62.4 GeV from

Fig. 1 with neff(xT ,
√
s) ≈ 6.38 is shown in Fig. 4-(right). The log-log plot emphasizes the pure

5

M. J. 
Tannenbaum

PHENIX  
62.4 and 200 GeV 

data

[
√

s]n
dσ

d3p/E
(pp→ π0X) at fixed xT =

2pT√
s

n
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and fragmentation functions. In Fig. 5(a), the new 7 TeV measurement is compared to the em-

pirical scaling observed over a range of lower p̄p collision energies by plotting
√

sn E d3σ/dp3.

The exponent n = 5.1 ± 0.2 that results from a global fit to all data, including
√

s = 7 TeV,

is slightly lower than the value n = 5.5 found in Ref. [3] from the global fit to all previous

measurements. For the purpose of reporting the CMS result as a differential cross-section, the

recorded luminosity for the analyzed data sample was measured with an 11% uncertainty, as

described in Ref. [10]. Also, to compare with the published results from the CDF experiment

at
√

s = 0.63, 1.8, and 1.96 TeV, the pseudorapidity range has been restricted to |η| < 1.0. As

indicated in the figure, the UA1 cross sections are for |η| < 2.5, although the difference is not

expected to be large.

Our results are consistent over the accessible xT range with the empirical xT-scaling given in

Eq. 4 established at lower energies. This is presented more clearly in Fig. 5(b), which shows

the ratio of the various differential cross sections times
√

s5.1
to the result of a global power-law

fit to the lower center-of-mass energy data shown in Fig. 5(a). The function is of the form

p0 · [1 + (xT/p1)]p2 , where p0, p1, and p2 are free parameters and the region below pT =
2 GeV/c has been excluded to avoid complications from soft-particle production. Consider-

ing the somewhat naı̈ve power-law function and the expected non-scaling effects [33], the new

measurement is in reasonable agreement to within a factor of 2 with the global power-law fit

result over its full pT range.
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Figure 5: (Left) Inclusive invariant cross sections, scaled by
√

s5.1
, for |η| < 1.0 (unless oth-

erwise indicated) as a function of xT. (Right) Ratios of the scaled differential charged particle

transverse momentum cross sections to the global power-law xT fit described in the text.

9 Summary
In this paper, measurements of the phase-space-invariant differential yield E d3Nch/dp3 have

been presented for primary charged particles, averaged over the pseudorapidity acceptance
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and fragmentation functions. In Fig. 5(a), the new 7 TeV measurement is compared to the em-

pirical scaling observed over a range of lower p̄p collision energies by plotting
√

sn E d3σ/dp3.

The exponent n = 5.1 ± 0.2 that results from a global fit to all data, including
√

s = 7 TeV,

is slightly lower than the value n = 5.5 found in Ref. [3] from the global fit to all previous

measurements. For the purpose of reporting the CMS result as a differential cross-section, the

recorded luminosity for the analyzed data sample was measured with an 11% uncertainty, as

described in Ref. [10]. Also, to compare with the published results from the CDF experiment

at
√

s = 0.63, 1.8, and 1.96 TeV, the pseudorapidity range has been restricted to |η| < 1.0. As

indicated in the figure, the UA1 cross sections are for |η| < 2.5, although the difference is not

expected to be large.

Our results are consistent over the accessible xT range with the empirical xT-scaling given in

Eq. 4 established at lower energies. This is presented more clearly in Fig. 5(b), which shows

the ratio of the various differential cross sections times
√

s5.1
to the result of a global power-law

fit to the lower center-of-mass energy data shown in Fig. 5(a). The function is of the form

p0 · [1 + (xT/p1)]p2 , where p0, p1, and p2 are free parameters and the region below pT =
2 GeV/c has been excluded to avoid complications from soft-particle production. Consider-

ing the somewhat naı̈ve power-law function and the expected non-scaling effects [33], the new

measurement is in reasonable agreement to within a factor of 2 with the global power-law fit

result over its full pT range.
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, for |η| < 1.0 (unless oth-

erwise indicated) as a function of xT. (Right) Ratios of the scaled differential charged particle

transverse momentum cross sections to the global power-law xT fit described in the text.

9 Summary
In this paper, measurements of the phase-space-invariant differential yield E d3Nch/dp3 have

been presented for primary charged particles, averaged over the pseudorapidity acceptance

xT scaling fails
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Jet-triggered charged particle transverse momentum

spectra in pp collisions at 7 TeV

The CMS Collaboration

Abstract

The charged particle transverse momentum spectra are presented for
√

s = 7 TeV pp
collisions collected with the CMS detector during the first months of the 2010 LHC

run. To extend the statistical reach of the measurements, calorimeter-based high-ET
jet triggers are employed to enhance yields at high pT. The results are compared to

both leading-order QCD and an empirical scaling of different collision energies with

xT ≡ 2pT/
√

s over the pT range up to 140 GeV/c. These measurements also provide

an invaluable reference for studying high-pT particle suppression in the dense QCD

medium produced in the collisions of heavy ions.
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FIG. 3: Protons produced in AuAu collisions at RHIC do not exhibit clear scaling properties in the

available pT range. Shown are data for central (0 − 5%) and for peripheral (60 − 90%) collisions.

law Ed3σ/d3p(pp → π+X) ∝ p−8.2
T giving nactive = 6 may indicate a quark-quark scattering

process which produces in addition to the incoming quarks a qq̄ pair, which becomes the

observed pion with high transverse momentum. This process has been analyzed within the

Constituent Interchange Model (CIM) [1], where an incoming qq̄ pair collides with a quark

by interchanging a quark and antiquark. The CIM is motivated by the inclusive to exclusive

transition mentioned above and is in good agreement with the Chicago-Princeton (CP) data

[15]. The model even can reproduce the absolute normalization of the inclusive cross section.

Obviously, the production mechanism for high pT hadrons changes from
√

s = 20 GeV to
√

s = 200 GeV. For constituent interchange longitudinal momenta of O(1 GeV) can still be

accommodated in the wave function of the proton. When the relevant longitudinal momenta

are about O(10 GeV) at higher energies, interchange is no longer possible which the different

reaction mechanisms with increasing energy.

Moreover, for proton production the pT dependence at Chicago-Princeton energies is

also explained by CIM. A value of n = 12 is a strong indication that higher twists from

wave function effects dominate high pT hadron production around
√

s = 20 GeV. Here the

produced proton is the result of proton scattering on a quark. If protons and pions were

both produced by fragmentation as in the Feynman-Field-Fox parton model, it is hard to

understand how a dimensionless fragmentation function could change n from 8 for pions to

12 for protons.
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Continuous rise of neff with xT .

Transition to higher twist reactions where
hadron is made in subprocess
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Leading twist:
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(pp→ HX) =

F (xT , θcm = π/2)
p

n
T

xT = 2pT /
√

s

xT = 2pT /
√

s

Clear evidence 
for higher-twist 
contributions
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Significant increase of the hadron nexp with x
⊥

nexp ! 8 at large x
⊥

Huge contrast with photons and jets !
nexp constant and slight above 4 at all x

⊥
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Photons and Jets 
agree with 

PQCD xT scaling
Hadrons do not!
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Figure 1: Left: Values of nexp as a function of x
⊥

for h±/π0 (circles), γ (squares) and jets (triangles). Right:

∆ ≡ nexp
−nNLO vs. x

⊥
, error bars include the experimental and the theoretical uncertainties added in quadrature.

The discrepancy is moderate at small x
⊥
∼ 10−2, ∆ " 0.5, but becomes increasingly larger at

higher values of x
⊥
: ∆ " 1 at x

⊥
= 10−1 and up to ∆ " 2 in the largest x

⊥
region. In contrast,

the scaling behavior observed for photons and jets prove in very good agreement with the NLO
predictions (∆ " 0).

4 Discussion

Part of the discrepancy reported in hadron production data at large x
⊥
∼ 1 could occur because

of the appearance of large threshold logarithms, ln(1 − x
⊥
), which should be resummed to all

orders in perturbation theory 10. It would therefore be most interesting to investigate whether
or not threshold resummation might bring data and theory in agreement. Note however that
the discrepancy is also observed at small values of x

⊥
∼ 10−2, where such effects are usually

expected to be small.
A natural explanation for the large exponents observed in the hadron channel is the presence

of important HT contributions from processes in which the detected hadron appears in the
hard subprocess, because of the dimension of the hadron distribution amplitude. In contrast,
particles having no hadronic structure like isolated photons and jets are much less sensitive to
such HT contributions and should behave closer to LT expectations, as observed. Another piece
of evidence for HT effects is the larger exponents for protons than for pions observed at the
ISR. As discussed in 2, the difference between the direct proton and pion scaling exponent is
np−nπ = 2 (np = 8, nπ = 6) instead of np−nπ " 0 at LT. The experimental value obtained from
the ISR, np − nπ " 1, thus reflects the mixture of LT and HT contributions to the total cross

section. Finally, it has been noted11 that the presence of color-transparent HT subprocesses (e.g.

uu → pd̄) can account for anomalous features of proton production in heavy ion collisions 12.
Finally, we discuss the phenomenological consequences of possible HT contributions to

hadron production in p–p collisions at RHIC and LHC. In order to obtain qualitative pre-
dictions, the difference ∆ between the experimental and the NLO exponent has been fitted
to the hadron data currently analyzed. The typical values of ∆fit expected at RHIC (taking√

s = 200, 500 GeV) and at LHC (
√

s = 7 TeV, compared to
√

s = 1.8 TeV at Tevatron) are
plotted as a function of x

⊥
in Fig. 2. At RHIC, ∆fit is slightly below 1 at small x

⊥
! 5.10−2

but decreases towards zero at larger x
⊥

(i.e. larger p
⊥
). The predictions turn out in very good

agremment, both in shape and magnitude, with the preliminary PHENIX measurements13 per-

∆(x⊥) = nexp(x⊥)− nNLO(x⊥)

neff  = 4
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Data analysis

Scaling exponent extracted by comparing x
⊥

spectra at two
√

s

nexp(x
⊥
) ≡ −

ln
[

σinv(x
⊥
,
√

s1)
/

σinv(x
⊥
,
√

s2)
]

ln
(√

s1
/√

s2
)

within the same experiment in order to reduce systematic errors

Particle production at mid-rapidity
hadrons (π and h±), prompt photons, jets

Data sets
most recent measurements: CDF, D0, E706, PHENIX
. . . as well as older ISR data
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Scale dependence

Pion scaling exponent extracted vs. p
⊥

at fixed x
⊥

2-component toy-model

σmodel(pp → π X ) ∝
A(x

⊥
)

p4
⊥

+
B(x

⊥
)

p6
⊥

Define effective exponent

n
eff

(x
⊥
, p

⊥
,B/A) ≡ −

∂ lnσmodel

∂ ln p
⊥

+ nNLO(x
⊥
, p

⊥
) − 4

=
2B/A

p2
⊥

+ B/A
+ nNLO(x

⊥
, p

⊥
)

Francois Arleo (LAPTH) Higher-twist in hadron production Moriond QCD 2010 10 / 15



 

RHIC/LHC predictions

PHENIX results

Scaling exponents from
√

s = 500 GeV preliminary data
[ A. Bezilevsky, APS Meeting ]

Magnitude of ∆ and its x
⊥
-dependence consistent with predictions
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Direct Higher Twist Processes 

• QCD predicts that hadrons can interact directly 
within hard subprocesses

• Exclusive and quasi-exclusive reactions

• Form factors, deeply virtual meson scattering

• Controlled by the hadron distribution amplitude

• Satisfies ERBL evolution

φH(xi, Q)



 

p

p

π

gq → πq

g d̄

d
u

u

u
u
d

d

Direct Contribution to Hadron Production

x

1− x

No Fragmentation Function 

φπ(x, p2
⊥) ∝ fπ

dσ
d3p/E = α3

sf
2
π

F (x⊥,y)
p6
⊥
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Braun, Gardi

Lepage, sjb
Efremov, Radyushkin

Sachrajda, Frishman Lepage, sjb

φM (x,Q) =
� Q

d2�k ψqq̄(x,�k⊥)
P+ = P0 + Pz

Fixed τ = t + z/c

xi = k+

P+ = k0+k3

P0+Pz

ψ(σ, b⊥)

β = dαs(Q2)
d lnQ2 < 0

u

x

1− x

k2
⊥ < Q2

�

i

xi = 1

Lepage, sjb
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Hadron Distribution Amplitudes

• Fundamental gauge invariant non-perturbative input to 
hard exclusive processes, heavy hadron decays. Defined 
for Mesons, Baryons

• Evolution Equations from PQCD, OPE, 

• Conformal Invariance

• Compute from valence light-front wavefunction in light-
cone gauge

Kirchbach
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Chicago-Princeton
Collaboration

xπ = xq̄

The p/π+
and p̄/π− ratios as a function of

pT increase dramatically to values ∼ 1 as a

function of centrality in Au + Au collisions

at RHIC which was totally unexpected and

is still not fully understood.

E dσ
d3p

(pp→ γX)

E dσ
d3p

(pp→ π0X)

√
snE dσ

d3p
(pp→ γX) at fixed xT

Dramatic change in angular 
distribution at large xF

Direct Subprocess Prediction

 Phys.Rev.Lett.55:2649,1985

Example of a higher-twist 
direct subprocess

Q2 = M2
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Paul Hoyer Jyväskylä 27.3 2007
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! N " µ+ µ- X at high xF

xF " 1

In the limit where (1-xF)Q2 is fixed as Q2 " # :

µ+

µ-

!

N

q Soft scattering of stopped

quark in target affects hard 

process

Entire pion wf

contributes to

hard process

Virtual photon is 

longitudinally 

polarized

Berger and Brodsky, PRL 42 (1979) 940

x " 0

x " 1
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25

! N " µ+ µ- X at high xF

xF " 1

In the limit where (1-xF)Q2 is fixed as Q2 " # :

µ+

µ-

!

N

q Soft scattering of stopped

quark in target affects hard 

process

Entire pion wf

contributes to

hard process

Virtual photon is 

longitudinally 

polarized

Berger and Brodsky, PRL 42 (1979) 940

x " 0

x " 1

“Direct” Subprocess

Berger, sjb 
Khoze, Brandenburg, Muller, sjb

Hoyer Vanttinen

Distribution amplitude from AdS/CFT

Similar higher twist terms in 
jet hadronization at large z
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Pion appears directly in subprocess at large xF
All of the pion’s momentum is transferred to the lepton pair

Lepton Pair is produced longitudinally polarized

Initial State 
Interaction
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Chicago-Princeton
Collaboration

xπ = xq̄

The p/π+
and p̄/π− ratios as a function of

pT increase dramatically to values ∼ 1 as a

function of centrality in Au + Au collisions

at RHIC which was totally unexpected and

is still not fully understood.

E dσ
d3p

(pp→ γX)

E dσ
d3p

(pp→ π0X)

√
snE dσ

d3p
(pp→ γX) at fixed xT

Dramatic change in angular 
distribution at large xF

Direct Subprocess Prediction

 Phys.Rev.Lett.55:2649,1985

Example of a higher-twist 
direct subprocess

Q2 = M2
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Scaling laws in inclusive pion production

Conventional pQCD picture (leading twist): 2 → 2 process followed
by fragmentation into a pion on long time scales

nactive = 4 → n = 4 (= 2 × 4 − 4)

E
dσ

d3p
(p p → π X ) ∼

F (x
⊥
,ϑcm)

p4
⊥

Direct higher-twist picture: pion produced directly in the hard process

nactive = 5 → n = 6 (= 2 × 5 − 4)

E
dσ

d3p
(p p → π X ) ∼

F ′(x
⊥
,ϑcm)

p6
⊥

Francois Arleo (LAPTH) Higher-twist in hadron production Moriond QCD 2010 4 / 15



 

Baryon vs. meson production

Which scaling behavior for higher-twist baryon production?
Take for instance proton production

nactive = 6

E
dσ

d3p
(p p → p X ) ∼

F (x
⊥
,ϑcm)

p8
⊥

Francois Arleo (LAPTH) Higher-twist in hadron production Moriond QCD 2010 14 / 15

Direct Proton Production

Explains  “Baryon anomaly” at RHIC! 

u

u d-

p

Sickles, sjb
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Dimensional counting rules provide a simple rule-of-thumb guide for the
power-law fall-off of the inclusive cross section in both pT and (1− xT ) due to
a given subprocess:

E
dσ

d3p
(AB → CX) ∝ (1− xT )2nspectator−1

pT
2nactive−4

where nactive is the “twist”, i.e., the number of elementary fields participating
in the hard subprocess, and nspectator is the total number of constituents in
A, B and C not participating in the hard-scattering subprocess. For example,
consider pp→ pX. The leading-twist contribution from qq → qq has nactive = 4
and nspectator = 6. The higher-twist subprocess qq → pq̄ has nactive = 6 and
nspectator = 4 . This simplified model provides two distinct contributions to the
inclusive cross section

dσ

d3p/E
(pp→ pX) = A

(1− xT )11

p4
T

+ B
(1− xT )7

p8
T

and n = n(xT ) increases from 4 to 8 at large xT . Small color-singlet
Color Transparent

Minimal same-side energy

27
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Figure 7: (left) p/! and p̄/! ratio as a function of pT and centrality from Au+Au collisions at
√
sNN = 200

GeV [45]. Open (filled) points are for !± (!0), respectively. (right) Invariant yield of p and p̄, from the

same data, as a function of centrality scaled by the number of binary-collisions (Ncoll)

there is direct and unbiased access to one of the interacting constituents, the photon, which can be

measured to high precision, and production is predominantly via a single subprocess [50]:

g+q→ "+q , (4.3)

with q+ q̄→ " + g contributing on the order of 10%. However, the measurement is difficult ex-

perimentally due to the huge background of photons from !0 → "+ " and # → "+ " decays. This

background can be calculated using Eq. 3.4 and can be further reduced by ‘tagging’—eliminating

direct-photon candidates which reconstruct to the invariant mass of a !0 when combined with

other photons in the detector, and/or by an isolation cut—e.g. requirement of less than 10% ad-

ditional energy within a cone of radius $r =
√

($#)2+($%)2 = 0.5 around the candidate photon

direction—since the direct photons emerge from the constituent reaction with no associated frag-

ments.

The exquisite segmentation of the PHENIX Electromagnetic calorimeter ($#×$% ∼ 0.01×
0.01) required in order to operate in the high multiplicity environment of RHI collisions also pro-

vides excellent " and !0 separation out to pT ∼ 25 GeV/c. This will be useful in making spin-

asymmetry measurements of direct photons in polarized p-p collisions for determination of the

gluon spin structure function [51], but, in the meanwhile, has provided a new direct photon mea-

surement in p-p collisions which clarifies a longstanding puzzle between theory and experiment in

this difficult measurement. In Fig. 8-(left) the new measurement of the direct photon cross sec-

tion in p-p collisions at
√
s = 200 GeV from PHENIX [52] is shown compared to a NLO pQCD

calculation, with excellent agreement for pT > 3 GeV/c. This data has resolved a longstanding

discrepancy in extracting the gluon structure function from previous direct photon data [53, 54]

(see Fig. 8-(right)) by its agreement with ISR data and the theory at low xT .

4.3 xT -scaling in direct photon, jet and identified proton production in p-p collisions

The new direct photon measurement also shows nice xT scaling with previous measurements

(Fig. 9-(left)) with a value n(xT ,
√
s) = 5.0. This is closer to the asymptotic value of n(xT ,

√
s) = 4

11

Particle ratio changes with centrality! 
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Figure 7: (left) p/! and p̄/! ratio as a function of pT and centrality from Au+Au collisions at
√
sNN = 200

GeV [45]. Open (filled) points are for !± (!0), respectively. (right) Invariant yield of p and p̄, from the

same data, as a function of centrality scaled by the number of binary-collisions (Ncoll)

there is direct and unbiased access to one of the interacting constituents, the photon, which can be

measured to high precision, and production is predominantly via a single subprocess [50]:

g+q→ "+q , (4.3)

with q+ q̄→ " + g contributing on the order of 10%. However, the measurement is difficult ex-

perimentally due to the huge background of photons from !0 → "+ " and # → "+ " decays. This

background can be calculated using Eq. 3.4 and can be further reduced by ‘tagging’—eliminating

direct-photon candidates which reconstruct to the invariant mass of a !0 when combined with

other photons in the detector, and/or by an isolation cut—e.g. requirement of less than 10% ad-

ditional energy within a cone of radius $r =
√

($#)2+($%)2 = 0.5 around the candidate photon

direction—since the direct photons emerge from the constituent reaction with no associated frag-

ments.

The exquisite segmentation of the PHENIX Electromagnetic calorimeter ($#×$% ∼ 0.01×
0.01) required in order to operate in the high multiplicity environment of RHI collisions also pro-

vides excellent " and !0 separation out to pT ∼ 25 GeV/c. This will be useful in making spin-

asymmetry measurements of direct photons in polarized p-p collisions for determination of the

gluon spin structure function [51], but, in the meanwhile, has provided a new direct photon mea-

surement in p-p collisions which clarifies a longstanding puzzle between theory and experiment in

this difficult measurement. In Fig. 8-(left) the new measurement of the direct photon cross sec-

tion in p-p collisions at
√
s = 200 GeV from PHENIX [52] is shown compared to a NLO pQCD

calculation, with excellent agreement for pT > 3 GeV/c. This data has resolved a longstanding

discrepancy in extracting the gluon structure function from previous direct photon data [53, 54]

(see Fig. 8-(right)) by its agreement with ISR data and the theory at low xT .

4.3 xT -scaling in direct photon, jet and identified proton production in p-p collisions

The new direct photon measurement also shows nice xT scaling with previous measurements

(Fig. 9-(left)) with a value n(xT ,
√
s) = 5.0. This is closer to the asymptotic value of n(xT ,

√
s) = 4

11

Peripheral 

Central 

Protons less absorbed  
in nuclear collisions than pions 

because of  dominant 
color transparent higher twist process

28
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Baryon can be made directly within hard subprocess!

nactive =  6

g g

Oberwölz

φp(x1, x2, x3) ∝ Λ2
QCD

α(Q2) � 4π
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for meson-meson and baryon-meson conditional yields
and nearly the same magnitude for baryon-meson and
baryon-baryon near side conditional yields. In contrast,
the data show the conditional yield of associated mesons
with baryon triggers to be a factor of two to five times
larger than the conditional yield of baryons associated
with baryon triggers, depending on centrality. The re-
sults presented here also appear to exclude baryon pro-
duction via higher twist mechanisms [32] which would
produce isolated p and p̄. No correlation calculations are
available from the gluon junction model [15], so a com-
parison beyond the successfully described single particle
data could not be done at this point.

We have systematically explored the particle type de-
pendence of jet fragmentation at intermediate pT in
Au+Au collisions at

√
sNN = 200 GeV. The new data

disagree with calculations from the recombination model
presented in [19, 31]. Given the success of recombination
models in reproducing elliptic flow and hadron spectra
data it would be interesting to see if other recombination
calculations are able to describe the data presented here.
We find that near side correlations between meson trig-
gers and associated mesons increase with centrality. Near
side correlations between baryon triggers and associated
mesons show the same centrality dependence except for
the most central collisions where there is a significant
decrease. The first measurements of baryon pairs on the

near side are found to be largely due to opposite charge p-
p̄ pairs. Under the assumption that the above centrality
dependencies of particle pairs and single particles are not
coincidental, one can explain the observed baryon excess
at intermediate pT in Au+Au collisions via jet induced
production of baryon-antibaryon pairs.
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derived from Eq. 3.2, for peripheral and central collisions, by taking the ratio of Ed3!/dp3 at a
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Figure 6: Power-law exponent n(xT ) for "0 and h spectra in central and peripheral Au+Au collisions at
√
sNN = 130 and 200 GeV [44].

value of n = 6.3 as in p-p collisions, for both Au+Au peripheral and central collisions, while the

non-identified charged hadrons xT -scale with n = 6.3 for peripheral collisions only. Notably, the

(h+ +h−)/2 in Au+Au central collisions exhibit a significantly larger value of n(xT ,
√
s), indicat-

ing different physics, which will be discussed below. The xT scaling establishes that high-pT "0

production in peripheral and central Au+Au collisions and (h+ + h−)/2 production in peripheral

Au+Au collisions follow pQCD as in p-p collisions, with parton distributions and fragmentation

functions that scale with xT , at least within the experimental sensitivity of the data. The fact that

the fragmentation functions scale for "0 in Au+Au central collisions indicates that the effective

energy loss must scale, i.e. S(pT )/pT = is constant, which is consistent with the parallel spectra

on Fig. 4e and the constant value of RAA as noted in the discussion above.

The deviation of (h+ +h−)/2 from xT scaling in central Au+Au collisions is indicative of and

consistent with the strong non-scaling modification of particle composition of identified charged-

hadrons observed in Au+Au collisions compared to that of p-p collisions in the range 2.0 ≤ pT ≤
4.5 GeV/c, where particle production is the result of jet-fragmentation. As shown in Fig. 7-(left)

the p/"+ and p̄/"− ratios as a function of pT increase dramatically to values ∼1 as a function
of centrality in Au+Au collisions at RHIC [45] which was totally unexpected and is still not fully

understood. Interestingly, the p and p̄ in this pT range appear to follow the Ncoll scaling expected

for point-like processes (Fig 7-(right)), while the "0 are suppressed, yet this effect is called the

‘baryon anomaly’, possibly because of the non-xT scaling. An elegant explanation of this effect as

due to coalescence of quarks from a thermal distribution [46, 47, 48], which would be prima facie

evidence of a Quark Gluon Plasma, is not in agreement with the jet correlations observed in both

same and away-side particles associated with both meson and baryon triggers [49] (see discussion

of Fig. 24 below).

4.2 Direct photon production

Direct photon production is one of the best reactions to study QCD in hadron collisions, since
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Au+Au collisions follow pQCD as in p-p collisions, with parton distributions and fragmentation

functions that scale with xT , at least within the experimental sensitivity of the data. The fact that

the fragmentation functions scale for "0 in Au+Au central collisions indicates that the effective

energy loss must scale, i.e. S(pT )/pT = is constant, which is consistent with the parallel spectra

on Fig. 4e and the constant value of RAA as noted in the discussion above.

The deviation of (h+ +h−)/2 from xT scaling in central Au+Au collisions is indicative of and

consistent with the strong non-scaling modification of particle composition of identified charged-

hadrons observed in Au+Au collisions compared to that of p-p collisions in the range 2.0 ≤ pT ≤
4.5 GeV/c, where particle production is the result of jet-fragmentation. As shown in Fig. 7-(left)

the p/"+ and p̄/"− ratios as a function of pT increase dramatically to values ∼1 as a function
of centrality in Au+Au collisions at RHIC [45] which was totally unexpected and is still not fully

understood. Interestingly, the p and p̄ in this pT range appear to follow the Ncoll scaling expected

for point-like processes (Fig 7-(right)), while the "0 are suppressed, yet this effect is called the

‘baryon anomaly’, possibly because of the non-xT scaling. An elegant explanation of this effect as

due to coalescence of quarks from a thermal distribution [46, 47, 48], which would be prima facie

evidence of a Quark Gluon Plasma, is not in agreement with the jet correlations observed in both

same and away-side particles associated with both meson and baryon triggers [49] (see discussion

of Fig. 24 below).

4.2 Direct photon production

Direct photon production is one of the best reactions to study QCD in hadron collisions, since

10

Peripheral 

Central 
h+ includes protons

31

Proton power changes with centrality !



 
 Stan Brodsky,  SLACUNAM

September 30, 2010
Novel QCD Phenomena at the LHC

Review of hard scattering and jet analysis Michael J. Tannenbaum

 (GeV/c)Tp

0 1 2 3 4

R
a

ti
o

  

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8
proton/pion

 (GeV/c)Tp

0 1 2 3 4 5

anti-proton/pion

Au+Au 0-10%

Au+Au 20-30%

Au+Au 60-92%

 = 53 GeV, ISRsp+p, 

, gluon jets, DELPHI-e+e

, quark jets, DELPHI-e+e

 (GeV/c)Tp
0 1 2 3 4

c
o

ll
d

y
 /

 N
2 T

N
/d

p
2

 d
!

 1
/2

10
-6

10
-5

10
-4

10
-3

10
-2

coll
proton / N

 = 200 GeVNNsAu+Au 

 (GeV/c)Tp
0 1 2 3 4

collanti-proton / N

60-92%

40-50%

20-30%

0-10%

 = 200 GeVNNsPHENIX: Au+Au 

Figure 7: (left) p/! and p̄/! ratio as a function of pT and centrality from Au+Au collisions at
√
sNN = 200

GeV [45]. Open (filled) points are for !± (!0), respectively. (right) Invariant yield of p and p̄, from the

same data, as a function of centrality scaled by the number of binary-collisions (Ncoll)

there is direct and unbiased access to one of the interacting constituents, the photon, which can be

measured to high precision, and production is predominantly via a single subprocess [50]:

g+q→ "+q , (4.3)

with q+ q̄→ " + g contributing on the order of 10%. However, the measurement is difficult ex-

perimentally due to the huge background of photons from !0 → "+ " and # → "+ " decays. This

background can be calculated using Eq. 3.4 and can be further reduced by ‘tagging’—eliminating

direct-photon candidates which reconstruct to the invariant mass of a !0 when combined with

other photons in the detector, and/or by an isolation cut—e.g. requirement of less than 10% ad-

ditional energy within a cone of radius $r =
√

($#)2+($%)2 = 0.5 around the candidate photon

direction—since the direct photons emerge from the constituent reaction with no associated frag-

ments.

The exquisite segmentation of the PHENIX Electromagnetic calorimeter ($#×$% ∼ 0.01×
0.01) required in order to operate in the high multiplicity environment of RHI collisions also pro-

vides excellent " and !0 separation out to pT ∼ 25 GeV/c. This will be useful in making spin-

asymmetry measurements of direct photons in polarized p-p collisions for determination of the

gluon spin structure function [51], but, in the meanwhile, has provided a new direct photon mea-

surement in p-p collisions which clarifies a longstanding puzzle between theory and experiment in

this difficult measurement. In Fig. 8-(left) the new measurement of the direct photon cross sec-

tion in p-p collisions at
√
s = 200 GeV from PHENIX [52] is shown compared to a NLO pQCD

calculation, with excellent agreement for pT > 3 GeV/c. This data has resolved a longstanding

discrepancy in extracting the gluon structure function from previous direct photon data [53, 54]

(see Fig. 8-(right)) by its agreement with ISR data and the theory at low xT .

4.3 xT -scaling in direct photon, jet and identified proton production in p-p collisions

The new direct photon measurement also shows nice xT scaling with previous measurements

(Fig. 9-(left)) with a value n(xT ,
√
s) = 5.0. This is closer to the asymptotic value of n(xT ,

√
s) = 4

11
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there is direct and unbiased access to one of the interacting constituents, the photon, which can be

measured to high precision, and production is predominantly via a single subprocess [50]:

g+q→ "+q , (4.3)

with q+ q̄→ " + g contributing on the order of 10%. However, the measurement is difficult ex-

perimentally due to the huge background of photons from !0 → "+ " and # → "+ " decays. This

background can be calculated using Eq. 3.4 and can be further reduced by ‘tagging’—eliminating

direct-photon candidates which reconstruct to the invariant mass of a !0 when combined with

other photons in the detector, and/or by an isolation cut—e.g. requirement of less than 10% ad-

ditional energy within a cone of radius $r =
√

($#)2+($%)2 = 0.5 around the candidate photon

direction—since the direct photons emerge from the constituent reaction with no associated frag-

ments.

The exquisite segmentation of the PHENIX Electromagnetic calorimeter ($#×$% ∼ 0.01×
0.01) required in order to operate in the high multiplicity environment of RHI collisions also pro-

vides excellent " and !0 separation out to pT ∼ 25 GeV/c. This will be useful in making spin-

asymmetry measurements of direct photons in polarized p-p collisions for determination of the

gluon spin structure function [51], but, in the meanwhile, has provided a new direct photon mea-

surement in p-p collisions which clarifies a longstanding puzzle between theory and experiment in

this difficult measurement. In Fig. 8-(left) the new measurement of the direct photon cross sec-

tion in p-p collisions at
√
s = 200 GeV from PHENIX [52] is shown compared to a NLO pQCD

calculation, with excellent agreement for pT > 3 GeV/c. This data has resolved a longstanding

discrepancy in extracting the gluon structure function from previous direct photon data [53, 54]

(see Fig. 8-(right)) by its agreement with ISR data and the theory at low xT .

4.3 xT -scaling in direct photon, jet and identified proton production in p-p collisions

The new direct photon measurement also shows nice xT scaling with previous measurements

(Fig. 9-(left)) with a value n(xT ,
√
s) = 5.0. This is closer to the asymptotic value of n(xT ,

√
s) = 4

11

Peripheral 

Central 

Protons less absorbed  
in nuclear collisions than pions 

because of  dominant 
color transparent higher twist process

32

Tannenbaum: 
Baryon Anomaly: 
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u

Lambda can be made directly within hard subprocess

nactive =  6

g g

33

Coalescence 
within hard 
subprocess

neff = 8

neff = 2nactive -  4

Small color-singlet
Color Transparent

Minimal same-side energy

Λ

s̄

s
d

ud→ Λs̄

s̄ produced on 
away side

Anne Sickles, sjb
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Baryon Anomaly:  Evidence for Direct, 
Higher-Twist Subprocesses

• Explains anomalous power behavior at fixed xT

• Protons more likely to come from direct higher-twist 
subprocess than pions

• Protons less absorbed than pions in central nuclear 
collisions because of color transparency

• Predicts increasing proton to pion ratio in central collisions

• Proton power neff  increases with centrality since leading 
twist contribution absorbed

• Fewer same-side hadrons for proton trigger at high 
centrality

• Exclusive-inclusive connection at xT = 1
Anne Sickles, sjb
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• Fixed xT:  powerful analysis of PQCD

• Insensitive to modeling

• Higher twist terms energy efficient since no wasted 
fragmentation energy

• Evaluate at minimal x1 and x2 where structure 
functions are maximal

• Higher Twist competitive despite faster fall-off in pT

• Direct processes can confuse new physics searches

36

Higher Twist at the LHC
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Isolated hadrons

Leading twist
Hadrons accompanied by a significant hadronic activity ⇒ inside jets

Higher twist
Color-singlet produced in the hard process ⇒ “isolated” hadrons

Idea: use isolation criteria to filter the leading twist component

Ehad
⊥

≤ Emax
⊥

= ε ph
⊥

for particles inside a cone

(η − η
γ
)2 + (φ − φ

γ
)2 ≤ R2

Consequence

Enhanced scaling exponent for isolated hadrons

nh
isolated > nh

inclusive

Francois Arleo (LAPTH) Higher-twist in hadron production Moriond QCD 2010 12 / 15
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General remarks about orbital angular mo-
mentum

�R⊥

xi
�R⊥+�b⊥i

�n
i
�b⊥i = �0⊥

�n
i xi = 1

�n
i=1(xi

�P⊥+ �k⊥i) = �P⊥

xi
�P⊥+ �k⊥i

�n
i

�k⊥i = �0⊥

�n
i xi = 1

General remarks about orbital angular mo-
mentum

Ψn(xi,�k⊥i, λi)

�n
i=1(xi

�R⊥+�b⊥i) = �R⊥

xi
�R⊥+�b⊥i

�n
i
�b⊥i = �0⊥

�n
i xi = 1

P+, �P+

xiP
+, xi

�P⊥+ �k⊥i

ẑ

�L = �R× �P

�Li = (xi
�R⊥+�b⊥i)× �P

��i = �b⊥i × �k⊥i

��i = �Li − xi
�R⊥ × �P = �b⊥i × �P

A(σ,∆⊥) = 1
2π

�
dζe

i
2σζM(ζ,∆⊥)

P+, �P⊥

xiP
+, xi

�P⊥+ �k⊥i

ζ = Q2

2p·q

ẑ

�L = �R× �P

�Li = (xi
�R⊥+�b⊥i)× �P

P+ = P0 + Pz

Fixed τ = t + z/c

xi = k+

P+ = k0+k3

P0+Pz

ψ(σ, b⊥)

β = dαs(Q2)
d lnQ2 < 0

u

Invariant under boosts!  Independent of P
μ 

38

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

x =
k+

P+
=

k0 + k3

P 0 + P 3

Process Independent 
Direct Link to QCD Lagrangian!



 
 Stan Brodsky,  SLACUNAM

September 30, 2010
Novel QCD Phenomena at the LHC

39

S.J. Brodsky et al. / Nuclear Physics B 593 (2001) 311–335 331

moment vanishes [22]. The light-cone formalism also properly incorporatesWigner boosts.

Thus this model of composite systems can serve as a useful theoretical laboratory to

interrelate hadronic properties and check the consistency of formulae proposed for the

study of hadron substructure.

7. Spin and orbital angular momentum composition of light-cone wavefunctions

In general the light-cone wavefunctions satisfy conservation of the z projection of

angular momentum:

J z =
n∑

i=1
sz
i +

n−1∑

j=1
lzj . (62)

The sum over sz
i represents the contribution of the intrinsic spins of the n Fock state

constituents. The sum over orbital angular momenta lzj = −i
(
k1j

∂
∂k2j

− k2j
∂

∂k1j

)
derives from

the n−1 relative momenta. This excludes the contribution to the orbital angularmomentum
due to the motion of the center of mass, which is not an intrinsic property of the hadron.

We can see how the angular momentum sum rule Eq. (62) is satisfied for the

wavefunctions Eqs. (20) and (23) of the QED model system of two-particle Fock states.

In Table 1 we list the fermion constituent’s light-cone spin projection sz
f = 1

2
λf, the boson

constituent spin projection sz
b = λb, and the relative orbital angular momentum lz for each

contributing configuration of the QED model system wavefunction.

Table 1 is derived by calculating the matrix elements of the light-cone helicity operator

γ +γ 5 [29] and the relative orbital angular momentum operator−i
(
k1 ∂

∂k2
− k2 ∂

∂k1

)
[16,30,

31] in the light-cone representation. Each configuration satisfies the spin sum rule: J z =
sz
f + sz

b + lz.

For a better understanding of Table 1, we look at the non-relativistic and ultra-relativistic

limits. At the non-relativistic limit, the transversal motions of the constituent can be

neglected and we have only the | + 1
2
〉 → | − 1

2
+ 1〉 configuration which is the non-

relativistic quantum state for the spin-half system composed of a fermion and a spin-1

boson constituents. The fermion constituent has spin projection in the opposite direction

to the spin J z of the whole system. However, for ultra-relativistic binding in which the

transversal motions of the constituents are large compared to the fermion masses, the

Table 1

Spin decomposition of the J z = + 1
2
electron

Configuration Fermion spin sz
f

Boson spin sz
b

Orbital ang. mom. lz

∣∣+ 1
2

〉
→

∣∣+ 1
2

+ 1
〉

+ 1
2

+1 −1
∣∣+ 1

2

〉
→

∣∣− 1
2

+ 1
〉

− 1
2

+1 0
∣∣+ 1

2

〉
→

∣∣+ 1
2

− 1
〉

+ 1
2

−1 +1

Conserved 
LF Fock state by Fock State
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n-1 orbital angular momenta

Angular Momentum on the Light-Front

Gluon orbital angular momentum defined in physical lc gauge

Orbital Angular Momentum is a property of LFWFS

LC gauge

Nonzero Anomalous Moment  -->  
Nonzero  quark orbital angular momentum!



 

|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

Fixed LF time
Intrinsic heavy quarks    s̄(x) �= s(x)

φM(x, Q0) ∝
�

x(1− x)

ψM(x, k2
⊥)

µR

µR = Q

µF = µR

Q/2 < µR < 2Q

ep→ eπ+n

Pπ/p � 30%

Violation of Gottfried sum rule

ū(x) �= d̄(x)

Does not produce (C = −) J/ψ,Υ

Produces (C = −) J/ψ,Υ

Same IC mechanism explains A2/3

c(x), b(x) at high x !
Hidden ColorMueller:  gluon Fock states     BFKL 

Pomeron
40
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Remarkable Features of Hadron 
Structure

• Valence quark helicity represents less than half of the 
proton’s spin and momentum

• Non-zero quark orbital angular momentum!

• Asymmetric sea:                        relation to meson 
cloud

• Non-symmetric strange and antistrange sea

• Intrinsic charm and bottom at high x

• Hidden-Color Fock states of the Deuteron

ū(x) �= d̄(x)

s̄(x) �= s(x)

Γp−n
bj (Q2) ≡ gA

6 [1− α
g1
s (Q2)

π ]

Gaussian

k−6.5
T

dσ
dkT

kT (GeV)

ū(x) �= d̄(x)

s̄(x) �= s(x)

Γp−n
bj (Q2) ≡ gA

6 [1− α
g1
s (Q2)

π ]

Gaussian

k−6.5
T

dσ
dkT

kT (GeV)

∆s(x) �= ∆s̄(x)
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 E866/NuSea (Drell-Yan)

s(x) �= s̄(x)

Intrinsic glue, sea, 
heavy quarks

d̄(x) �= ū(x)
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In terms of the hadron four-momentum P =

(P
+

, P
−

, �P⊥) with P
±

= P
0 ± P

3
, the light-

front frame independent Hamiltonian for a

hadronic composite system H
QCD

LC
= PµP

µ
=

P
−

P
+− �P

2

⊥, has eigenvalues given in terms of

the eigenmass M squared corresponding to

the mass spectrum of the color-singlet states

in QCD,

H
QCD

LC
|Ψh� =M2

h
|Ψh�

Fig. 6. A few selected matrix elements of the QCD front form Hamiltonian H"P
!

in LB-convention.

10. For the instantaneous fermion lines use the factor ¼
"

in Fig. 5 or Fig. 6, or the corresponding
tables in Section 4. For the instantaneous boson lines use the factor ¼

#
.

The light-cone Fock state representation can thus be used advantageously in perturbation
theory. The sum over intermediate Fock states is equivalent to summing all x!-ordered diagrams
and integrating over the transverse momentum and light-cone fractions x. Because of the restric-
tion to positive x, diagrams corresponding to vacuum fluctuations or those containing backward-
moving lines are eliminated.

3.4. Example 1: ¹he qqN -scattering amplitude

The simplest application of the above rules is the calculation of the electron—muon scattering
amplitude to lowest non-trivial order. But the quark—antiquark scattering is only marginally more
difficult. We thus imagine an initial (q, qN )-pair with different flavors fOfM to be scattered off each
other by exchanging a gluon.

Let us treat this problem as a pedagogical example to demonstrate the rules. Rule 1: There are
two time-ordered diagrams associated with this process. In the first one the gluon is emitted by the
quark and absorbed by the antiquark, and in the second it is emitted by the antiquark and
absorbed by the quark. For the first diagram, we assign the momenta required in rule 2 by giving
explicitly the initial and final Fock states

!q, qN "" 1

!n
$

%$

!
$!"

b!
$"

(k
&
, #

&
)d!

$"M
(k

&N
, #

&N
)!0" , (3.29)

!q$, qN $"" 1

!n
$

%$
!
$!"

b!
$"

(k$
&
, #$

&
)d!

$"M
(k$

&N
, #$

&N
)!0" , (3.30)

338 S.J. Brodsky et al. / Physics Reports 301 (1998) 299—486

Fig. 2. The Hamiltonian matrix for a SU(N)-meson. The matrix elements are represented by energy diagrams. Within
each block they are all of the same type: either vertex, fork or seagull diagrams. Zero matrices are denoted by a dot ( ) ).
The single gluon is absent since it cannot be color neutral.

mass or momentum scale Q. The corresponding wavefunction will be indicated by corresponding
upper scripts,

!!""
!#"

(x
#
, k

!
, !

#
) or !!$"

!#"
(x

#
, k

!
, !

#
) . (3.15)

Consider a pion in QCD with momentum P"(P%, P
!
) as an example. It is described by

"# : P$" $
!
!%&
!d[%

!
]"n : x

#
P%, k

!#
#x

#
P
!
, !

#
$!

!#!(x#
, k

!#
, !

#
) , (3.16)

where the sum is over all Fock space sectors of Eq. (3.7). The ability to specify wavefunctions
simultaneously in any frame is a special feature of light-cone quantization. The light-cone
wavefunctions !

!#! do not depend on the total momentum, since x
#
is the longitudinal momentum

fraction carried by the i"# parton and k
!#

is its momentum “transverse” to the direction of the
meson; both of these are frame-independent quantities. They are the probability amplitudes to find
a Fock state of bare particles in the physical pion.

More generally, consider a meson in SU(N). The kernel of the integral equation (3.14) is
illustrated in Fig. 2 in terms of the block matrix &n : x

#
, k

!#
, !

#
"H"n' : x'

#
, k'

!#
, !'

#
$. The structure of this

matrix depends of course on the way one has arranged the Fock space, see Eq. (3.7). Note that most
of the block matrix elements vanish due to the nature of the light-cone interaction as defined in

S.J. Brodsky et al. / Physics Reports 301 (1998) 299—486 333

Heisenberg Equation

Light-Front QCD

43
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number of coupled integral eigenvalue equations, 

- - 

where V is the interaction part of HLC. Diagrammatically, V involves completely 

irreducible interactions--i.e. diagrams having no internal propagators-coupling 

Fock states (Fig. 5). These equations determine the hadronic spectrum and 

xJ= 
: 3 II 

- - 
0 
. . . 

. 

I- . 
1 II 

0 l . . f 

- - IL 7 - - . . . . . . 
Figure 5. Coupled eigenvalue equations for the light-cone wa.vefunctious of a 

pion. 

wave functions. Although the potential is essentially trivial, the many channels 

required to describe an hadronic state make these equations very difficult to solve. 

Nevertheless the first attempts at a direct solution have been made. 

The bulk of the probability for a nonrelativistic system is in a single Fock 

state-e.g. (eE> for positronium, or Ibb) for the r meson. For such systems it 

is useful to replace the full set of multi-channel eigenvalue equations by a single 

equation for the dominant wavefunction. To see how this can be done, note that 

the bound state equation, say for positronium, can be rewritten as two equations 

using the projection operator P onto the subspace spanned by eE states, and its 

complement & E 1 - P: 

Hpp IPs)~ + HPQ IPs)~ = h4” IPs)p 

(29) 

H&p [Ps)~ + HQQ jP& = hf” h)g 

where H~Q E PHQ.. ., and lPsjp E P jPs) . . . . Solving the second of these 

equations for IPs)~ and substituting the result into the first equation, we obtain 

a single equation for the ee or valence part of the positronium state: 

Her [Ps)~ = Al2 IPS)P (30) 
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16 

LIGHT-FRONT SCHRODINGER EQUATION

G.P. Lepage, sjbA+ = 0

Υ→ ggg → d̄X

Υ→ ggg → p̄n̄X

R = Γ(Υ→d̄X)
Γ(Υ→p̄n̄X)

R = C

ū(x) �= d̄(x)

s̄(x) �= s(x)
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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

45

factor of 30 !
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Ratio 
insensitive to 

gluon PDF, 
scales

∆σ(p̄p→ γcX)
∆σ(p̄p→ γbX)

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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R. Beuselinck,43 V. A. Bezzubov,39 P. C. Bhat,50 V. Bhatnagar,27 G. Blazey,52 F. Blekman,43 S. Blessing,49 K. Bloom,67

A. Boehnlein,50 D. Boline,62 T. A. Bolton,59 E. E. Boos,38 G. Borissov,42 T. Bose,77 A. Brandt,78 R. Brock,65

G. Brooijmans,70 A. Bross,50 D. Brown,19 X. B. Bu,7 N. J. Buchanan,49 D. Buchholz,53 M. Buehler,81 V. Buescher,22

V. Bunichev,38 S. Burdin,42,‡ T. H. Burnett,82 C. P. Buszello,43 P. Calfayan,25 B. Calpas,15 S. Calvet,16 J. Cammin,71

M.A. Carrasco-Lizarraga,33 E. Carrera,49 W. Carvalho,3 B. C. K. Casey,50 H. Castilla-Valdez,33 S. Chakrabarti,72

D. Chakraborty,52 K.M. Chan,55 A. Chandra,48 E. Cheu,45 D. K. Cho,62 S. Choi,32 B. Choudhary,28 L. Christofek,77

T. Christoudias,43 S. Cihangir,50 D. Claes,67 J. Clutter,58 M. Cooke,50 W. E. Cooper,50 M. Corcoran,80 F. Couderc,18
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Intrinsic Heavy-Quark Fock States

• Rigorous prediction of QCD, OPE

• Color-Octet Color-Octet Fock State! 

• Probability

• Large Effect at high x 

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

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

• Many empirical tests  
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|uudcc̄> Fluctuation in Proton
QCD: Probability ∼Λ

2
QCD

M2
Q

|e+e−�+�− > Fluctuation in Positronium
QED: Probability ∼(meα)4

M4
�

Distribution peaks at equal rapidity (velocity)
Therefore heavy particles carry the largest mo-

mentum fractions

cc̄ in Color Octet

High x charm!

OPE derivation - M.Polyakov et al.

Hoyer, Peterson, Sakai, sjb
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< xF >= 0.33

Minimize LF energy denominator
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Same velocity; heavy constituents carry high-
est momentum fraction
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Charm at Threshold
Action Principle: Minimum KE, maximal potential 



 

p p

Probability (QED) ∝ 1
M4

�

Probability (QCD) ∝ 1
M2

Q

Proton Self Energy 
Intrinsic Heavy 

Quarks
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Summary

The possibility of the production at high energy of

heavy quarks, supersym metric particles and other large

mass colored systems via the intrinsic twist-six components

in the proton wave function is discussed. While the existing

data do not rule out the possible relevance of intrinsic

charm production at present energies, the extrapolation

of such intrinsic contributions to very high masses and

energies suggests that they will not play an important role

at the SSC.

Discussion

Some time ago
1
 it was suggested that various features

of the data on charm production at the ISR
2
 might be in-

dicative of the presence of a new production mechanism

corresponding to the excitation of intrinsic charm com-

ponents of the proton wave function. The experimental

features of particular interest were the apparently weak

dependence of the production cross section on the lon-

gitudinal momentum of the charmed system and the ap-

parently large magnitude of the cross section, as compared

with the conventional expectations from perturbative QCD.

In the usual QCD production mechanism of (extrinsic) gluon

fusion , GG -+ QQ, the charmed system is produced pre-

dominantly at small momentum in the overall CM sys-

tem and with considerably smaller total cross section than

inferred from many of the early ISR results. In contrast,

the intrinsic charm component was argued
1
 to exhibit a

fairly flat distribution in the momentum fraction carried

by the charmed quarks and to have a normalization which

is inaccessible to perturbative QCD and therefore perhaps

sufficiently large. The data from the EMC collaboration
4

on deep-inelastic muon scattering could also be intepreted

as suggesting an unexpectedly largn charm structure func-

tion in the region z > 0.3.

The possible existence of such a new production mecha-

nism is of great importance for design considerations at

the SSC
5>B

. An example of the importance of this issue

is that, if intrinsic large x production is dominant, experi-

ments and, perhaps, even the machine should be designed

to focus on the forward "diflractive" regime
5
. The qu"R-

tion of the present experimental evidence for the role of

intrinsic charm is reviewed elsewhere in these proceedings
7
.

For the present purposes a brief summary is sufficient.

The data vary considerably from experiment to experi-

ment and their interpretation is sufficiently model depen-

dent to yield only the conclusion that the data do not

rule out the possibility that intrinsic charm is playing^ role

in the ISR data. In the following discussion the focus will

be rather on the issue of how the basic intrinsic-production

picture extrapolates to the very large mass systems acces-

sible at the SSC (the production of intrinsic "Chevrolets"
8
).

The basic picture of heavy QQ pairs (or pairs of any

heavy colored objects, e.g., Chevrolets) as intrinsic con-

stituents of the proton arises by analogy with the presence

of virtual heavy lepton pairs in atomic systems in QED.

Such contributions can be ascribed to the Serbcr-Uehling

vacuum polarization contribution to the mass shift
8
 cor-

responding to the twist-six term e"{doFt,v
the effective QED Lagrangian. The corresponding

twist-six terms in the effective QCD Lagrangian have the
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Bill Boyle!s 1956 Chevy 210 hardtop is one of the most detailed shoeboxes we !ve seen in a
while. Built partly with an eye on the...

By Miles Cook
Photography by CC Staff

As the subject of this month's cover, Bill Boyle's '56 Chevy 210 hardtop is one of the

most detailed shoeboxes we've seen in a while. Built partly with an eye on the '56

Chevy's 40th Anniversary, the car was completed in January 1996 by previous owner

Jerry Crowe. In fact, Bill bought the car from Jerry just in time for this cover feature.

While Jerry recently sold the car to Bill, his love for old Chevys is apparent by the

attention to detail everywhere you look on the car.

Getting started with a powdercoated frame, Jerry completed 80 percent of the body-

off restification himself, except for the paint and interior upholstery work. Painted

underneath and on top entirely in Laser Red, the body retains all of its trim and

chrome work that makes the '56 one of the most beautiful '50s-era cars ever built.

With all accessories chromed or polished, hidden updates include a 14-gallon Rock

Valley fuel tank and small wheeltubs to accommodate a pair of 12.5-inch-wide

Mickey Thompson rear tires and Center Line wheels.

Suspension updates are functional and include a PST 1-inch antisway bar up front

and Posie's leaf springs in back that make the car sit 3 inches lower in the rear. PST

Polygraphite bushings are also in place up front to help keep the big 210 on the

road. Monroe Sensatrac gas shocks reside at each corner, while Master Power front

disc brakes work with rear Ford discs to provide stopping power. Between the rear

discs is a Ford 9-inch rearend from a Lincoln Versailles with 3.70:1 gears.

The interior is equally as exceptional as the rest of the car. Jerry used gray tweed

and dove-gray leather to cover the front and rear bench seats. VDO gauges

mounted in the factory dash keep tabs on water temperature and oil pressure.

During hot summers, driver and passengers are kept cool with a Vintage Air A/C

system.

Jerry knew just any old powerplant wouldn't work for a rig of this caliber. His wise

decision to go with a 502-inch big-block Chevy crate engine is something we don't

have any problem with. Available straight out of the GM Performance Parts catalog

under PN 10185085, it's rated at 440 hp at 5,200 rpm and 515 lb-ft of torque at

3,500 rpm. Another smart move on Jerry's part was to go modern-tech in the

drivetrain with a 700-R4 four-speed automatic--something we're sure Bill

appreciates when he takes the car on a road trip.

The attention to detail that Jerry put into this car is not only appreciated by the car's

new owner, Bill, but was also noticed at a recent show where the car appeared. The
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Abstract: We review the technique of heavy quark mass expansion of various
operators made of heavy quark fields using a semiclassical approximation. It
corresponds to an operator product expansion in the form of series in the inverse
heavy quark mass. This technique applied recently to the axial current is used
to estimate the charm content of the η, η� mesons and the intrinsic charm con-
tribution to the proton spin. The derivation of heavy quark mass expansion for
Q̄γ5Q is given here in detail and the expansions of the scalar, vector and tensor
current and of a contribution to the energy-momentum tensor are presented as
well. The obtained results are used to estimate the intrinsic charm contribution
to various observables.

Heavy quark mass expansion and intrinsic charm in light hadrons.
M. Franz (Ruhr U., Bochum), Maxim V. Polyakov (Ruhr U., Bochum & St. Petersburg, INP), K. Goeke (Ruhr U., Bochum). 

Feb 2000

Phys.Rev. D62 (2000) 074024
e-Print: hep-ph/0002240
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• EMC data: c(x, Q2
) > 30×DGLAP

Q2
= 75 GeV

2
, x = 0.42

• High xF pp→ J/ψX

• High xF pp→ J/ψJ/ψX

• High xF pp→ ΛcX

• High xF pp→ ΛbX

• High xF pp→ Ξ(ccd)X (SELEX)

52

IC Structure Function: Critical Measurement for EIC
Many interesting spin, charge asymmetry, spectator effects
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Leading Hadron Production 
from Intrinsic Charm

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

PX X

53
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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→ Λb(bud)B(b̄q)X at large xF

54
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Production of Two Charmonia 
at High xF

X

56

pp→ p + J/ψ + p

pp→ p + H + p

Also:

c

c̄

< xF >= 0.33

Minimize LF energy denominator
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pp→ p + H + p
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Minimize LF energy denominator
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Production of Two Charmonia 
at High xF

X
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pp→ p + J/ψ + p

pp→ p + H + p

Also:
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Minimize LF energy denominator
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Minimize LF energy denominator
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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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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. 
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Abstract 

Double J/e production has been observed by the NA3 collaboration in n-N and pN collisions with a cross section of 

the order of 20-30 pb. The +@ pairs measured in v- nucleus interactions at 150 and 280 GeV/c are observed to carry an 

anomalously large fraction of the projectile momentum in the laboratory frame, x~ > 0.6 at 150 GeV/c and > 0.4 at 280 

GeV/c. We postulate that these forward +@ pairs are created by the materialization of Fock states in the projectile containing 

two pairs of intrinsic CC quarks. We calculate the overlap of the charmonium states with the 1ii&ET) Fock state as described 

by the intrinsic charm model and find that the T-N -+ $9 longitudinal momentum and invariant mass distributions are both 

well reproduced. We also discuss double J/t,b production in pN interactions and the implications for other heavy quarkonium 

production channels in QCD. 

1. Introduction 

It is quite rare for two charmonium states to be pro- 

duced in the same hadronic collision. However, the 

NA3 collaboration has measured a double .I/$ pro- 

duction rate significantly above background in multi- 

muon events with T- beams at laboratory momentum 

150 and 280 GeV/c [ 11 and a 400 GeV/c proton beam 

[ 21. The integrated T-N ---) ++X production cross 

section, a+*, is 18 f 8 pb at 150 GeV/c and 30 f 10 

pb at 280 GeV/c, and the pN -t I&X cross section is 

*This work was supported in part by the Director, Office of 

Energy Research, Division of Nuclear Physics of the Office of 

High Energy and Nuclear Physics of the U.S. Department of 

Energy under Contract Numbers DE-ACO3-76SFOO98 and DE- 

ACO3-76SFUO515. 

27 f 10 pb. The relative double to single rate, a++ /a~, , 

is (3 f 1) x 10e4 for pion-induced production where 

a+ is the integrated single $ production cross section. 

A particularly surprising feature of the NA3 

T-N + t&X events is that the laboratory fraction 

of the projectile momentum carried by the #+ pair 

is always very large, x++ 2 0.6 at 150 GeV/c and 

xW 2 0.4 at 280 GeV/c. In some events, nearly 

all of the projectile momentum is carried by the I@++ 

system. In contrast, perturbative gg and 44 fusion 

processes are expected to produce central $$ pairs, 

centered around the mean value, (x~) = 0.4-0.5, in 

the laboratory [ 3-61. 

The average invariant mass of the pair, (M+e) = 7.4 

GeV, is well above the 2~9 threshold. In fact, all the 

events have MM > 6.7 GeV. The average transverse 

0370-2693/95/$09.50 @ 1995 Blsevier Science B.V. All rights reserved 
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NA3 Data

πA→ J/ψJ/ψX

µ2
R = CQ2

ρ(Q2) = C0 + C1αs(µR) + C2α2
s(µR) + · · ·

σ = 1
2x−P+

γp→ µ+µ−p

Oberwölz

All events have xF
ψψ > 0.4 !

σ(pp→ cX) ∼ 1µb
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Excludes `color drag’ model
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V. D. Barger, F. Halzen and W. Y. Keung,
“The Central And Diffractive Components Of Charm Pro-

duction,”
Phys. Rev. D 25, 112 (1982).

Model similar to 
Intrinsic Charm
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Excitation of  Intrinsic Heavy Quarks in Proton

d

u

u

Amplitude maximal at small invariant mass, equal rapidity

xi ∼
m⊥i�n
j m⊥j

60

g

c

c̄xc̄ ∼ 0.4

xc ∼ 0.4

p̄

dσ

dyJ/ψ
(p̄p→ J/ψX)

J-P Lansberg, sjb

Heavy Quarkonium  produced in  TARGET rapidity region
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Goldhaber, Kopeliovich, Soffer, Schmidt, sjb

Intrinsic Charm Mechanism for Inclusive 
High-XF Quarkonium Production

61

Quarkonia can have 80% of Proton Momentum!

p

p

c
c̄

g

IC  can explains large excess of quarkonia at large xF,  A-dependence

Color-octet IC interacts at #ont surface of nucleus

pp→ J/ψX

J/ψ
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Production of a Double-Charm Baryon

X

SELEX  high xF < xF >= 0.33

pp → p + H + p

H, Z
0
, ηb

b⊥ ∼ 1/Q

Must have ∆Lz = ±1 to have nonzero F2

Use charge radius R
2 = −6F

�
1(0)

and anomalous moment κ = F2(0)
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Update on Double Charm Baryons
My Personal List of Mysteries in Charm and Beauty

Other SELEX Charm Results
Summary

The Discovery of Double Charm Baryons
Features, Problems, and Solutions
Observation of cc c
Observation of cc c K , c

Doubly Charmed Baryons

Jürgen Engelfried DCB 4/64
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Update on Double Charm Baryons
My Personal List of Mysteries in Charm and Beauty

Other SELEX Charm Results
Summary

The Discovery of Double Charm Baryons
Features, Problems, and Solutions
Observation of cc c
Observation of cc c K , c

cc 3780 c K

Re-Analyzed Data
Restrict to –Beam
Peak wider than
Resolution
Half decay to cc 3520
Still working on Details
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Intrinsic Charm Mechanism for 
Exclusive Diffraction Production

xJ/ψ = xc+ xc̄

Intrinsic cc̄ pair formed in color octet 8C in pro-
ton wavefunction
Collision produces color-singlet J/ψ through

color exchange

Kopeliovitch, Schmidt, Soffer, sjb

RHIC Experiment

Large Color Dipole

p p→ J/ψ p p

Exclusive Diffractive 
High-XF Higgs Production
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Intrinsic Charm Mechanism for Inclusive 
High-XF Higgs Production

66

H

Higgs can have 80% of Proton Momentum!

Also: intrinsic bottom, top

pp→ HXp

p

c
c̄

g

New search strategy 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 Bottom Contribution  to Inclusive 
Higgs Productionτ = t + z/c

dσ

dxF
(pp → HX)[fb]

fb

πq → γ
∗
q

γ
∗

π

p

Goldhaber, Kopeliovich, Schmidt, sjb

LHC :
√

s = 14TeV

Tevatron :
√

s = 2TeV



 

which have the intuitive meaning of a survival probability
of the participating hadrons. To include these corrections
one should replace the diffractive amplitude as

fppsd !b; s" ) fppsd !b; s"#1$ Imfppel !b; s"%: (40)

The data for elastic pp scattering show that the partial
amplitude fppel !b; s" is independent of energy at small
impact parameters b ! 0, while rising as a function of
energy at large b [49–51]. This is usually interpreted as a
manifestation of saturation of the unitarity limit, Imfppel &
1. Indeed, this condition imposes a tight restriction at small
b, where Imfppel ' 1, leaving almost no room for further
rise. We will treat the Pomeron as a Regge pole without
unitarity corrections:

Im fppel !b; s" (
!pp

tot !s"
4"Bpp

el !s"
exp

!
$ b2

2Bpp
el !s"

"
; (41)

where !pp
tot !s" ( 21:8 mb) !s=M2

0"#, and # ( 0:08;
Bpp
el !s" ( B0

el * 2$0
P ln!s=M2

0" with B0
el ( 7:5 GeV$2.

Because of the accidental closeness of 2$0
P=B

0
el ( 0:067

and #, the preexponential factor in (41) hardly changes
with energy even without unitarity corrections. It is dem-
onstrated in Ref. [51] that not only at b ( 0, but in the
whole range of impact parameters, the model, Eq. (41),
describes correctly the energy dependence of the partial
amplitude fppel !b; s".

Thus we arrive at the absorption corrected cross section,

~! IQ!pp ! ppH" ( !IQ!pp ! ppH"
#
1$ 1

"
!pp

tot !s0"
B!s0" * 2Bpp

el !s0"
* 1

!4""2
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el !s0"%
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: (42)

This is not a severe suppression even at the energy of LHC,
where the absorptive factor is 0.2.

Including the absorptive corrections we calculated the
total cross sections for diffractive Higgs production, pp !
Hpp, from the intrinsic heavy quark (IQ) components. The
results at the energy of LHC,

%%%
s

p ( 14 TeV, are plotted as
a function of Higgs mass in Fig. 4. We assume a perturba-
tive origin for all intrinsic components, a 1=m2

Q scaling for
their weights, and a 1% probability of IC for % ( 0 in
Eq. (37). Note that the contributions of the intrinsic charm
and bottom fall steeply with the mass of the Higgs in
accordance with Eq. (37). The contribution of the intrinsic
top rises with MH unless MH > 2mt ' 350 GeV; then the
cross section starts falling.

In our case, the enhanced corrections (also called
Gribov’s corrections) increase, rather than suppress the

survival probability. In Regge models one can check this
by applying the quasieikonal model which leads to a
‘‘gray disk’’ rather than ‘‘black disk’’ regime in the
Froissart limit. It is more correct to rely on the dipole
approach. For each Fock state the survival probability
hexp#$!!r"T!b"%i is larger than the eikonal one,
exp#$h!!r"iT!b"%, where T!b" is the thickness function
at impact parameter ~b (profile function of the target), and
!!r" is the dipole cross section. To be on the safe side we
use the latter more conservative estimate. The difference
between these two approaches is not dramatic, even for
nuclei (see Ref. [31]).

V. FURTHER POSSIBILITIES TO GET A LARGER
CROSS SECTION

A. Direct production of Higgs from a colorless IQ

A heavy flavor !QQ pair in the IQ component of the
proton may be found in a colorless state. In this case the
Higgs particle can be produced directly from this pair via
Pomeron exchange as is shown in Fig. 5. We consider the

FIG. 4. The cross section of the reaction pp ! Hp* p as a
function of the Higgs mass. Contributions of IC (dashed line), IB
(dotted line), and IT (solid line).
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FIG. 5 (color online). Higgs production via Pomeron ex-
change.

BRODSKY et al. PHYSICAL REVIEW D 73, 113005 (2006)

113005-10

which have the intuitive meaning of a survival probability
of the participating hadrons. To include these corrections
one should replace the diffractive amplitude as

fppsd !b; s" ) fppsd !b; s"#1$ Imfppel !b; s"%: (40)

The data for elastic pp scattering show that the partial
amplitude fppel !b; s" is independent of energy at small
impact parameters b ! 0, while rising as a function of
energy at large b [49–51]. This is usually interpreted as a
manifestation of saturation of the unitarity limit, Imfppel &
1. Indeed, this condition imposes a tight restriction at small
b, where Imfppel ' 1, leaving almost no room for further
rise. We will treat the Pomeron as a Regge pole without
unitarity corrections:

Im fppel !b; s" (
!pp

tot !s"
4"Bpp

el !s"
exp

!
$ b2

2Bpp
el !s"

"
; (41)

where !pp
tot !s" ( 21:8 mb) !s=M2

0"#, and # ( 0:08;
Bpp
el !s" ( B0

el * 2$0
P ln!s=M2

0" with B0
el ( 7:5 GeV$2.

Because of the accidental closeness of 2$0
P=B

0
el ( 0:067

and #, the preexponential factor in (41) hardly changes
with energy even without unitarity corrections. It is dem-
onstrated in Ref. [51] that not only at b ( 0, but in the
whole range of impact parameters, the model, Eq. (41),
describes correctly the energy dependence of the partial
amplitude fppel !b; s".

Thus we arrive at the absorption corrected cross section,

~! IQ!pp ! ppH" ( !IQ!pp ! ppH"
#
1$ 1

"
!pp

tot !s0"
B!s0" * 2Bpp

el !s0"
* 1

!4""2
#!pp

tot !s0"%2
Bpp
el !s0"#B!s0" * Bpp

el !s0"%

$
: (42)

This is not a severe suppression even at the energy of LHC,
where the absorptive factor is 0.2.

Including the absorptive corrections we calculated the
total cross sections for diffractive Higgs production, pp !
Hpp, from the intrinsic heavy quark (IQ) components. The
results at the energy of LHC,

%%%
s

p ( 14 TeV, are plotted as
a function of Higgs mass in Fig. 4. We assume a perturba-
tive origin for all intrinsic components, a 1=m2

Q scaling for
their weights, and a 1% probability of IC for % ( 0 in
Eq. (37). Note that the contributions of the intrinsic charm
and bottom fall steeply with the mass of the Higgs in
accordance with Eq. (37). The contribution of the intrinsic
top rises with MH unless MH > 2mt ' 350 GeV; then the
cross section starts falling.

In our case, the enhanced corrections (also called
Gribov’s corrections) increase, rather than suppress the

survival probability. In Regge models one can check this
by applying the quasieikonal model which leads to a
‘‘gray disk’’ rather than ‘‘black disk’’ regime in the
Froissart limit. It is more correct to rely on the dipole
approach. For each Fock state the survival probability
hexp#$!!r"T!b"%i is larger than the eikonal one,
exp#$h!!r"iT!b"%, where T!b" is the thickness function
at impact parameter ~b (profile function of the target), and
!!r" is the dipole cross section. To be on the safe side we
use the latter more conservative estimate. The difference
between these two approaches is not dramatic, even for
nuclei (see Ref. [31]).

V. FURTHER POSSIBILITIES TO GET A LARGER
CROSS SECTION

A. Direct production of Higgs from a colorless IQ

A heavy flavor !QQ pair in the IQ component of the
proton may be found in a colorless state. In this case the
Higgs particle can be produced directly from this pair via
Pomeron exchange as is shown in Fig. 5. We consider the

FIG. 4. The cross section of the reaction pp ! Hp* p as a
function of the Higgs mass. Contributions of IC (dashed line), IB
(dotted line), and IT (solid line).

p

p

p p

pp
1

2

ρ(R,r,  ;z)

k q

r)
Hc

Φ (ρ)
Ψ

H(

p

c

FIG. 5 (color online). Higgs production via Pomeron ex-
change.

BRODSKY et al. PHYSICAL REVIEW D 73, 113005 (2006)

113005-10 68



 
 Stan Brodsky,  SLACUNAM

September 30, 2010
Novel QCD Phenomena at the LHC

69

Heavy Quark Anomalies

Nuclear dependence of J/ψ hadroproduction

Violates PQCD Factorization: Aα(xF ) not Aα(x2)

Huge A2/3
effect at large xF
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dσ
dxF

(pA→ J/ψX)

dσ
dxF

(πA→ J/ψX)

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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J/ψ nuclear dependence vrs 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
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Huge 
“absorption” 

effect 

dσ
dxF

(pA→ J/ψX)

dσ
dxF

(πA→ J/ψX)

xF

A2/3 component

A1 component

Fits conventional PQCD subprocesses

Violates PQCD 
factorization!

Hoyer, Sukhatme, Vanttinen
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Scattering on front-face nucleon produces color-singlet     paircc̄

u

72

Octet-Octet IC Fock State

Color-Opaque IC Fock state
interacts on nuclear front surface  

dσ
dxF

(pA → J/ψX) = A2/3 × dσ
dxF

(pN → J/ψX)

fb

πq → γ∗q

γ∗

π

p

�

J/ψ

p

c

c̄

No absorption of 
small color-singlet

g

Kopeliovich, Schmidt, 
Soffer, sjb

A
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Excess beyond  conventional PQCD subprocesses

J. Badier et al, NA3
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• IC Explains Anomalous α(xF ) not α(x2)

dependence of pA→ J/ψX

(Mueller, Gunion, Tang, SJB)

• Color Octet IC Explains A2/3 behavior at

high xF (NA3, Fermilab)

(Kopeliovitch, Schmidt, Soffer, SJB)

• IC Explains J/ψ → ρπ puzzle

(Karliner, SJB)

• IC leads to new effects in B decay

(Gardner, SJB)

Color Opaqueness

Higgs production at xF = 0.8

74



 Stan Brodsky,  SLAC
Novel QCD Phenomena at the LHCUNAM

September 30, 2010

Why is Intrinsic Charm Important for Flavor Physics?
• New perspective on fundamental nonperturbative hadron 

structure

• Charm structure function at high x

• Dominates high xF charm and charmonium production

• Hadroproduction of new heavy quark states such as ccu, ccd 
at high xF

• Intrinsic charm -- long distance contribution to penguin 
mechanisms for weak decay 

• Novel Nuclear Effects from color structure of IC, Heavy Ion 
Collisions

• New mechanisms for high xF Higgs hadroproduction

• Dynamics of b production: LHCb 

• Fixed target program at LHC:  produce bbb states
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Use extreme caution when using
γg → cc̄ or gg → c̄c
to tag gluon dynamics
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• How do the parameters of the QGP depend 
on the initial and final state conditions?   

• A dynamical model:   “Gluonic Laser”

What is the dynamical mechanism which creates the QGP?
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12 7 Long-Range Correlations in 7 TeV Data
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Figure 7: 2-D two-particle correlation functions for 7 TeV pp (a) minimum bias events with

pT > 0.1 GeV/c, (b) minimum bias events with 1 < pT < 3 GeV/c, (c) high multiplicity

(Noffline

trk
≥ 110) events with pT > 0.1 GeV/c and (d) high multiplicity (Noffline

trk
≥ 110) events

with 1 < pT < 3 GeV/c. The sharp near-side peak from jet correlations is cut off in order to

better illustrate the structure outside that region.

of particles and, therefore, has a qualitatively similar effect on the shape as the particle pT cut

on minimum bias events (compare Fig. 7b and Fig. 7c). However, it is interesting to note that

a closer inspection of the shallow minimum at ∆φ ≈ 0 and |∆η| > 2 in high multiplicity pT-

integrated events reveals it to be slightly less pronounced than that in minimum bias collisions.

Moving to the intermediate pT range in high multiplicity events shown in Fig. 7d, an unex-

pected effect is observed in the data. A clear and significant “ridge”-like structure emerges

at ∆φ ≈ 0 extending to |∆η| of at least 4 units. This is a novel feature of the data which has

never been seen in two-particle correlation functions in pp or pp̄ collisions. Simulations using

MC models do not predict such an effect. An identical analysis of high multiplicity events in

PYTHIA8 [34] results in correlation functions which do not exhibit the extended ridge at ∆φ ≈0

seen in Fig. 7d, while all other structures of the correlation function are qualitatively repro-

duced. PYTHIA8 was used to compare to these data since it produces more high multiplicity

events than PYTHIA6 in the D6T tune . Several other PYTHIA tunes, as well as HERWIG++ [30]

and Madgraph [35] events were also investigated. No evidence for near-side correlations cor-

responding to those seen in data was found.

The novel structure in the high multiplicity pp data is reminiscent of correlations seen in rel-

ativistic heavy ion data. In the latter case, the observed long-range correlations are generally

CMS
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Gluonic bremsstrahlung from initial hard scattering  backscatters on nucleon spectators

Gluonic Laser

gq → γq

PQQ̄ ∝
1

M2
Q

PQQ̄QQ̄ ∼ α2
sPQQ̄

Pcc̄/p � 1%

Q

Q̄

analog of  laser backscattering in QED

τ = t + z/c

< p|G
3
µν

m
2
Q

|p > vs. < p|F
4
µν

m
4
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|p >
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+κ
4
ζ
2

dσ

dxF
(pp→ HX)[fb]

dσ

dxF
(pA→ J/ψX) = A

1 dσ1
dxF

+ A
2/3dσ2/3

dxF

Creates away-side ridge at the 
LHC in high multiplicity events

p p

79



 Stan Brodsky,  SLAC
Novel QCD Phenomena at the LHCUNAM

September 30, 2010

Consequences of Gluon Laser Mechanism

Ridge created by trigger bias (Cronin effect)
Momenta of initial colored partons biased towards trigger

Soft gluon radiation from initial state partons 
emitted in plane of production; fills rapidity

Crucial test:  Ridge forms 
even for Direct Photonsγ

Quantum Coherent
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Gluonic bremsstrahlung from initial hard scattering  backscatters on nuclear ``mirrors”

Gluonic Laser in Central Heavy Ion Collisions

QCD cascade mechanism for forming quark-gluon plasma  inside overlap ellipse

gq → γq

PQQ̄ ∝
1

M2
Q

PQQ̄QQ̄ ∼ α2
sPQQ̄

Pcc̄/p � 1%

Q

Q̄

analog of  laser backscattering in QED

τ = t + z/c

< p|G
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m
2
Q

|p > vs. < p|F
4
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4
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|p >
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4
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2
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dxF
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dxF
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1 dσ1
dxF

+ A
2/3dσ2/3

dxF

Coherence
81
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Possible time sequence of a RHIC Ion-Ion Collision

• Nuclei collide; nucleons overlap within an ellipse

• Initial hard collision between quarks and/or gluons producing high 
pT trigger hadron or photon

• Induced gluon radiation radiated from initial parton collision 

• collinear radiation back-scatters on other incoming partons

• Cascading gluons creates multi-parton quark-gluon plasma within 
ellipse, thermalization

• Stimulated radiation contributes to energy loss of away-side jet

• Coherence creates hadronic momentum along minor axis

• Same final state for high pT direct photons and mesons

• Baryons formed in higher-twist double-scattering process at high xT;  
double induced radiation and thus double v2.
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Pervasive Myth in PQCD

• Renormalization Scale is Arbitrary

83
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10 J. Schieck et al.: Measurement of the strong coupling αS from the four-jet rate using JADE data

Fig. 4. The result of
αS (MZ0)and the χ

2/d.o.f. of
the fit to the four-jet rate as
a function of the renormaliza-
tion scale xµ for

√
s= 14GeV

to 43.8 GeV. The arrows in-
dicate the variation of the
renormalization scale factor
used for the determination of
the systematic uncertainties

χ2 fit is then determined using the statistical error σi of
the data sample at data point i and the correlation matrix
ρij : Vij(R4) = ρijσiσj .
The χ2 value is minimized with respect to αS for each

centre-of-mass energy point separately. The renormaliza-
tion scale factor xµ, as discussed in Sect. 2, is set to one.
The fit ranges are determined by requiring that the

hadronization corrections be less than 50% and the de-
tector corrections be less than 50% in the fit range. In

order to exclude the non-perturbative region we require√
s ·ycut to be larger than 2 GeV. In the Durham scheme
this value corresponds to the minimal transverse momen-
tum of the pair of proto-jets with respect to each other.
The fit range is 0.0209< ycut < 0.0495 for data taken at
14GeV, 0.0088< ycut < 0.0495 for data taken at 22 GeV,
0.0037< ycut < 0.0279 for data taken at 34.6 and 35 GeV,
0.0028 < ycut < 0.0279 for data taken at 38.3 GeV and
0.0021< ycut < 0.0279 for data taken at 43.8GeV. In Fig. 2
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Abstract. Data from e+e− annihilation into hadrons collected by the JADE experiment at centre-of-mass
energies between 14 GeV and 44 GeV are used to study the four-jet event production rate as a function
of the Durham jet algorithm’s resolution parameter ycut. The four-jet rate is compared to QCD next-to-
leading order calculations including resummation of large logarithms in the next-to-leading logarithmic
approximation. The strong coupling measured from the four-jet rate is

αS (MZ0) = 0.1159±0.0004(stat.)±0.0012(exp.)±0.0024(had.)±0.0007(theo.)

in agreement with the world average.

1 Introduction

The annihilation of electrons and positrons into hadrons
allows precise tests of Quantum Chromodynamics (QCD).
Many observables have been devised which provide a con-
venient way of characterizing the main features of such
events. Multijet event rates are predicted in perturbation
theory as functions of the jet-resolution parameter, with
one free parameter, the strong coupling αS. Events with
four quarks in the final state, qq̄qq̄, or two quarks and two
gluons, qq̄gg, may lead to events with four-jet structure.
In leading order perturbation theory, the rate of four-jet
events in e+e−annihilation is predicted to be proportional
to α2S. The strong coupling can be measured by determin-
ing the four-jet event production rate and fitting the theor-
etical prediction to the data.
Calculations beyond leading order are made possible

by theoretical progress achieved during the last few years.
For multi-jet rates as well as numerous event-shape distri-
butions with perturbative expansions starting at O(αS),
matched next-to-leading order (NLO) and next-to-leading
logarithmic approximations (NLLA) provide a satisfactory
description of the data over large kinematically allowed re-
gions at many centre-of-mass energies [2–5].
First evidence for four-jet structure has been reported

earlier by the JADE collaboration [6]. In addition multi-
jet event production rates were measured and the three-jet
rate was used to determine the the strong coupling αS [7–

a e-mail: schieck@mppmu.mpg.de
b See [1] for the full list of authors

9]. The ALEPH, DELPHI and OPAL collaborations pub-
lished measurements of αS based on the four-jet rate in the
energy range between 91 and 209GeV [10–12]. The same
theoretical predictions as used here were employed to de-
termine the strong coupling αS.
In this analysis we use data collected by the JADE

experiment in the years 1979 to 1986 at the PETRA
e+e−collider at DESY at six centre-of-mass energies span-
ning the range of 14–44 GeV.

2 Observable

Jet algorithms are applied to cluster the large number of
particles of a hadronic event into a small number of jets,
reflecting the parton structure of the event. For this analy-
sis we use the Durham scheme [2]. Defining each particle
initially to be a proto-jet, a resolution variable yij is calcu-
lated for each pair of proto-jets i and j:

yij =
2min

(
E2i , E

2
j

)

E2vis
(1− cosθij) , (1)

where Ei and Ej are the energies of jets i and j, cos θij is
the cosine of the angle between them and Evis is the sum
of the energies of the detected particles in the event (or the
partons in a theoretical calculation). If the smallest value
of yij is less than a predefined value ycut, the pair is re-
placed by a new proto-jet with four-momentum pµk = p

µ
i +

pµj , and the clustering starts again. Clustering ends when
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µ
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pµj , and the clustering starts again. Clustering ends when
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the regions chosen for comparison with the theory predic-
tions. The difference in detector corrections is evaluated
as an experimental systematic uncertainty. The numerical
results of the four-jet rate at hadron-level at the different
energy points are summarized in Tables 5 and 6.

4 Systematic uncertainties

Several sources of possible systematic uncertainties are
studied. Uncertainties originating frommassless quark cal-
culations are not considered, since contributions to the
four-jet rate from B hadrons are subtracted at detector-
level. For each variation of parameters the difference of the
resulting value of αS with respect to the default value is
taken as a systematic uncertainty. The default value of αS
is determined with the standard event selection and the
correction procedure using PYTHIA. The systematic un-
certainty is taken to be symmetric around the default value
of αS.

4.1 Experimental uncertainties

Contributions to the experimental uncertainties are esti-
mated by repeating the analysis with varied cuts or pro-
cedures. For each systematic variation the value of αS is
determined and then compared to the result of the stan-
dard analysis (default value).

1. In the standard analysis the reconstruction software
from 5/88 is used. As a variation a different reconstruc-
tion software from 9/87 is used.

2. In the default method the estimated minimum ioniz-
ing energy from tracks associated with electromagnetic
calorimeter clusters is subtracted from the cluster en-
ergies. As a variation all accepted tracks and all uncor-
rected electromagnetic clusters are used.

3. The thrust axis is required to satisfy | cos(θT)| < 0.7.
With this more stringent cut events are restricted to
the barrel region of the detector, which provides better
measurements of tracks and clusters compared to the
endcap regions.

4. Instead of using PYTHIA for the correction of detector
effects as described in Sect. 3.5, events generated with
HERWIG are used.

5. The requirement on missing momentum is dropped or
tightened to pmiss/

√
s < 0.25. The larger deviation from

the default value is taken as a systematic uncertainty.
6. The requirement on the momentum balance is dropped
or tightened to pbal < 0.3. The larger deviation from the
default value is taken as a systematic uncertainty.

7. The requirement on the number of long tracks is tight-
ened to Nlong ≥ 4.

8. The requirement on the visible energy is varied to
Evis/

√
s > 0.45 and Evis/

√
s > 0.55. The larger devi-

ation from the default value is taken as a systematic
uncertainty.

9. The fit range is changed. Two different cases are con-
sidered. First the fit range is reduced by one data point

at each edge of the standard fit range. Second the fit
range is extended by one data point at each edge of the
standard fit range. The larger deviation from the de-
fault fit is taken as a systematic uncertainty. In order to
take statistical fluctuations into account, the deviation
is calculated using the average deviation of a fit applied
to 50 Monte Carlo samples.

10.The amount of subtracted bb̄ background is varied by
±5% of its nominal value of about 1/11 to cover uncer-
tainties in the estimation of the background fraction in
the data. The larger deviation from the default value is
taken as the systematic uncertainty.

All contributions listed above are added in quadrature and
the result is quoted as the experimental systematic uncer-
tainty. The dominating effects are the use of the differ-
ent data versions and the different correction for detector
effects.

4.2 Hadronization

The uncertainties associated with the hadronization cor-
rection (see Sect. 5.2) are assessed by using HERWIG and
ARIADNE instead of the default hadronization correc-
tion using PYTHIA. The larger change in αS resulting
from these alternatives is taken to define the symmetric
hadronization systematic uncertainty.

4.3 Theoretical uncertainties

The theoretical uncertainty, associatedwith missing higher
order terms in the theoretical prediction, is assessed by
varying the renormalization scale factor xµ. The predic-
tions of a complete QCD calculation would be independent
of xµ, but a finite-order calculation such as that used here
retains some dependence on xµ. The renormalization scale
factor xµ is set to 0.5 and two. The larger deviation from
the default value of αS is taken as systematic uncertainty.

5 Results

5.1 Four-Jet rate distributions

The four-jet rates for the six centre-of-mass energy points
after subtraction of bb̄ background and correction for de-
tector effects are shown in Fig. 1. Superimposed are the
distributions predicted by the PYTHIA, HERWIG and
ARIADNE Monte Carlo models. Towards large ycut values
(right to the maximum of the distribution) the decrease of
the four-jet rate corresponds to the migration and classi-
fication to three- and two-jet events. Towards smaller ycut
values (left to the maximum of the distribution) the de-
crease corresponds to the migration and classification to
five or more jet events, i.e. towards the higher order QCD
and non-perturbative or hadronization region. In order to
make a more clear comparison between data and models,
the inserts in the upper right corner show the differences
between data and each model, divided by the combined
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Fig. 4. The result of
αS (MZ0)and the χ

2/d.o.f. of
the fit to the four-jet rate as
a function of the renormaliza-
tion scale xµ for

√
s= 14GeV

to 43.8 GeV. The arrows in-
dicate the variation of the
renormalization scale factor
used for the determination of
the systematic uncertainties

χ2 fit is then determined using the statistical error σi of
the data sample at data point i and the correlation matrix
ρij : Vij(R4) = ρijσiσj .
The χ2 value is minimized with respect to αS for each

centre-of-mass energy point separately. The renormaliza-
tion scale factor xµ, as discussed in Sect. 2, is set to one.
The fit ranges are determined by requiring that the

hadronization corrections be less than 50% and the de-
tector corrections be less than 50% in the fit range. In

order to exclude the non-perturbative region we require√
s ·ycut to be larger than 2 GeV. In the Durham scheme
this value corresponds to the minimal transverse momen-
tum of the pair of proto-jets with respect to each other.
The fit range is 0.0209< ycut < 0.0495 for data taken at
14GeV, 0.0088< ycut < 0.0495 for data taken at 22 GeV,
0.0037< ycut < 0.0279 for data taken at 34.6 and 35 GeV,
0.0028 < ycut < 0.0279 for data taken at 38.3 GeV and
0.0021< ycut < 0.0279 for data taken at 43.8GeV. In Fig. 2

µ2
R �

Q2
minQ2

med
Q2

max

µ2
R �

p2
minp2

med
p2
max

xµ = µR√
s

�+

�−

< 0|Gµν(x)Gστ(0)|0 >

 PMS & FAC  inapplicable 
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• Renormalization scale “unphysical”:  No optimal 
physical scale

• Can ignore possibility of multiple physical scales

• Accuracy of PQCD prediction can be judged by taking 
arbitrary guess                        

• with an arbitrary range           

• Factorization scale should be taken equal to 
renormalization scale

Conventional wisdom concerning scale setting

These assumptions are untrue in QED 
and thus they cannot be true for QCD!

µR

µR = Q

µF = µR

Q/2 < µR < 2Q

ψH(x,�k⊥, λi)

pH

x,�k⊥

µR

µR = Q

µF = µR

Q/2 < µR < 2Q

ψH(x,�k⊥, λi)

pH

x,�k⊥

µR

µR = Q

µF = µR

Q/2 < µR < 2Q

ψH(x,�k⊥, λi)

pH

x,�k⊥ 85



 Stan Brodsky,  SLAC
Novel QCD Phenomena at the LHCUNAM

September 30, 2010

Electron-Electron Scattering in QED

t u

This is very important!

This is very important!

This is very important!

This is very important!

α(t) = α(0)
1−Π(t)

α(t) = α(t0)
1−Π(t,t0)

Gell Mann-Low Effective Charge

86
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This is very important!

This is very important!

This is very important!

This is very important!

α(t) = α(0)
1−Π(t)

α(t) = α(t0)
1−Π(t,t0)

This is very important!

This is very important!

This is very important!

This is very important!

α(t) = α(0)
1−Π(t)

α(t) = α(t0)
1−Π(t,t0)

This is very important!

This is very important!

This is very important!

This is very important!

+

α(t) = α(0)
1−Π(t)

α(t) = α(t0)
1−Π(t,t0)

This is very important!

This is very important!

This is very important!

This is very important!

+

+ · · ·+

α(t) = α(0)
1−Π(t)

α(t) = α(t0)
1−Π(t,t0)

All-orders lepton loop corrections to dressed photon propagator

This is very important!

This is very important!

This is very important!

This is very important!

+

α(t) = α(0)
1−Π(t)

α(t) = α(t0)
1−Π(t,t0)

�−

α(t) = α(0)
1−Π(t)

α(t) = α(t0)
1−Π(t,t0)

Π(t, t0) = Π(t)−Π(t0)
1−Π(t0)

t = −Q2 < 0

Π(Q2) =

QED Effective Charge
�−

< 0|Gµν(x)Gστ(0)|0 >

Gµν = ∂µAν − ∂νAµ + ig[Aµ, Aν]

Π

α(t) = α(0)
1−Π(t)

α(t) = α(t0)
1−Π(t,t0)

�−

< 0|Gµν(x)Gστ(0)|0 >

Gµν = ∂µAν − ∂νAµ + ig[Aµ, Aν]

Π

α(t) = α(0)
1−Π(t)

α(t) = α(t0)
1−Π(t,t0)

�−

< 0|Gµν(x)Gστ(0)|0 >

Gµν = ∂µAν − ∂νAµ + ig[Aµ, Aν]

Π

α(t) = α(0)
1−Π(t)

α(t) = α(t0)
1−Π(t,t0)

Initial scale  t0  is arbitrary -- Variation gives RGE Equations
Physical renormalization scale  t  not arbitrary  
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Another Example in QED: Muonic Atoms

µR

µR = Q

µF = µR

Q/2 < µR < 2Q

µ

Z

ψH(x,�k⊥, λi)

µR

µR = Q

µF = µR

Q/2 < µR < 2Q

µ

Z

e+e−

µR

µR = Q

µF = µR

Q/2 < µR < 2Q

µ−

Z

e+e−

V (q2) = −ZαQED(q2)
q2

αQED = 1
1−Π(Q2)

ψH(x,�k⊥, λi)

pH

x,�k⊥

1− x,−�k⊥

V (q2) = −ZαQED(q2)
q2

αQED(q2) =
αQED(0)
1−Π(q2)

ψH(x,�k⊥, λi)

pH

x,�k⊥

1− x,−�k⊥

Scale is unique:  Tested to ppm

e
+

e
−

V (q2) = −ZαQED(q2)
q2

αQED(q2) =
αQED(0)
1−Π(q2)

µ
2
R
≡ q

2

ψH(x,�k⊥, λi)

pH

µR

µR = Q

µF = µR

Q/2 < µR < 2Q

µ−

q

Z
This is very important!

This is very important!

This is very important!

This is very important!

Gyulassy: Higher Order VP verified to

0.1% precision in µ Pb

+
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α(q2) = α(q2
0) (1−Π(q2

0))
(1−Π(q2)

µ2 = q2
0e−5/3

where Π(q2 = 0) = 0

ln(− µ2

m2 ) = 6
� 1
0 dα[α(1− α)] ln(1− q2

0α(1−α)
m2 )

at large q2
0

Π(q2) =

Must recover  QED result using αMS
S (µ2)

q20: Normalization point

Identical  QED result if

Dae Sung Hwang, sjb
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Electron-Positron Scattering in QED

This is very important!

This is very important!

This is very important!

This is very important!

α(t) = α(0)
1−Π(t)

α(t) = α(t0)
1−Π(t,t0)

Gell Mann-Low Running Charge 
sums all vacuum polarization insertions

Me+e−→e+e−(s, t) =
8πs

t
α(t) +

8πt

s
α(s)

Running Coupling is 
Complex for Timelike 

Argument 
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• No renormalization scale ambiguity!   

• Two separate physical scales: t, u = photon virtuality  

• Gauge Invariant.  Dressed photon propagator

• Sums all vacuum polarization, non-zero beta terms into running coupling.

• If one chooses a different scale, one can sum an infinite number of graphs -- but always 
recover same result!   Scheme independent.  

• Number of active leptons correctly set 

• Analytic: reproduces correct behavior at lepton mass thresholds

• No renormalization scale ambiguity!   

• Two separate physical scales.  

• Gauge Invariant.  Dressed photon propagator

• Sums all vacuum polarization, non-zero beta terms into running coupling.

Electron-Electron Scattering in QED

91
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limNC → 0 at fixed α = CFαs, n� = nF/CF

e+e− → p� p

QCD → Abelian Gauge Theory

limNC → 0 at fixed α = CFαs, n� = nF/CF

e+e− → p� p

Huet, sjb

Analytic Feature of SU(Nc) Gauge Theory

Scale-Setting procedure for QCD 
must be applicable to QED
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p

p

π

Renormalization Scale-Setting Not Ambiguous

αMS(e−5/3t)

93



 
 Stan Brodsky,  SLACUNAM

September 30, 2010
Novel QCD Phenomena at the LHC

94

µ2
R �

Q2
minQ2

med
Q2

max

µ2
R �

p2
minp2

med
p2
max

xµ = µR√
s

e+e− → γ∗ → 4jets

�+

�−

µ2
R �

Q2
minQ2

med
Q2

max

µ2
R �

p2
minp2

med
p2
max

xµ = µR√
s

e+e− → γ∗ → 4jets

�+

�−

µ2
R �

Q2
minQ2

med
Q2

max

µ2
R �

p2
minp2

med
p2
max

xµ = µR√
s

e+e− → γ∗ → 4jets

�+

�−

µ2
R �

Q2
minQ2

med
Q2

max

µ2
R �

p2
minp2

med
p2
max

xµ = µR√
s

e+e− → γ∗ → 4jets

Q

Q̄

µ2
R �

Q2
minQ2

med
Q2

max

µ2
R �

p2
minp2

med
p2
max

xµ = µR√
s

e+e− → γ∗ → 4jets

Q

Q̄

Example of Multiple BLM Scales
 Angular distributions of massive quarks and leptons close to threshold.

Hoang, Kuhn, Teubner, sjb
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BLM: Choose µR in αs to absorb all β terms
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BLM Scale Setting

Use skeleton expansion:
Gardi, Grunberg, Rathsman, sjb

nf  dependent coefficient 
identifies quark loop VP 

contribution 

Conformal coefficient - independent of  β = d
d logQ2g(Q2) < 0

β = d
d logQ2g(Q2) > 0

β = d
d logQ2g(Q2) < 0

β = d
d logQ2g(Q2) > 0

This is very important!

This is very important!

β0 = 11− 2
3nf



 Stan Brodsky,  SLAC
Novel QCD Phenomena at the LHCUNAM

September 30, 2010 97

Features of BLM Scale 
• All terms associated with nonzero beta function summed into running 

coupling

• BLM Scale Q* sets the number of active flavors

• Only nf dependence required to determine renormalization scale at NLO

• Result is scheme independent: Q* has exactly the correct dependence 

to compensate for change of scheme

• Result independent of starting scale

• Correct Abelian limit

• Resulting series identical to conformal series! 

• Renormalon n! growth of PQCD coefficients from beta function 

eliminated!
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Kramer & 
LampeThree-Jet rate in electron-positron annihilation

Other Jet Observables:  Rathsman
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Heavy Quark Hadroproduction

52

• Preliminary calculation 
using (massless) results 
for tree level form factor

• Very low effective scale         

much larger cross 
section than         with 
scale 

• Future : repeat analysis 
using the full mass-
dependent results and 
include all form factors

crossed++=

= 0
jet

jet

p
T

T

p

proton

proton

C

C

= 0

where

MS

QQQR MM or    !"

Heavy Quark Hadro-production

Q

Q

Expect that this approach accounts for most of the one-loop corrections

General Structure of the 

Three-Gluon Vertex

3 index tensor            built out of          and          

with 
321

ˆ
!!!" !#g 321

,, ppp

0
321
$%% ppp

“THE FORM-FACTORS OF THE GAUGE-INVARIANT THREE-GLUON VERTEX”

M.B. and Stanley J. Brodsky.  hep-ph/0602199. Submitted to PRD

1
p

3
p2

p
3

!
2

!

1
!

$"
321

ˆ
!!!

14 basis tensors and form factors
22

3-gluon 
coupling 

depends on 3 
physical scales



 
 Stan Brodsky,  SLACUNAM

September 30, 2010
Novel QCD Phenomena at the LHC

100

Is there a way to set the 
renormalization scale       ?

The Renormalization Scale Problem

µR

ρ = C1 αs(µR)+C2 α2
s(µR)+C3 α3

s(µR)+ · · ·

ρ(Q2) = C0 + C1αs(µR) + C2α2
s(µR) + · · ·

σ = 1
2x−P+

γp→ µ+µ−p

Oberwölz

σ(pp→ cX) ∼ 1µb

√
s ∼ 5 GeV

σ(pp→ sX) ∼ 1mb

What happens if there are 
multiple physical scales ?

µ2
R = CQ2

ρ(Q2) = C0 + C1αs(µR) + C2α2
s(µR) + · · ·

σ = 1
2x−P+

γp→ µ+µ−p

Oberwölz

σ(pp→ cX) ∼ 1µb

√
s ∼ 5 GeV

General Structure of the 

Three-Gluon Vertex

3 index tensor            built out of          and          

with 
321

ˆ
!!!" !#g 321

,, ppp

0
321
$%% ppp

“THE FORM-FACTORS OF THE GAUGE-INVARIANT THREE-GLUON VERTEX”

M.B. and Stanley J. Brodsky.  hep-ph/0602199. Submitted to PRD

1
p

3
p2

p
3

!
2

!

1
!

$"
321

ˆ
!!!

14 basis tensors and form factors
22
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Relate Observables to Each Other

• Eliminate intermediate scheme

• No scale ambiguity 

• Transitive!

• Commensurate Scale Relations

• Example: Generalized Crewther Relation
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Define QCD Coupling from 
Observable

Re+e−→X(s) ≡ 3Σqe2q [1 + αR(s)
π ]

Γ(τ → Xeν)(m2
τ ) ≡ Γ0(τ → ud̄eν)×[1+ατ(m2

τ )
π ]

Re+e−→X(s) ≡ 3Σqe2q [1 + αR(s)
π ]

Γ(τ → Xeν)(m2
τ ) ≡ Γ0(τ → ud̄eν)×[1+ατ(m2

τ )
π ]

Commensurate scale relations: 
Relate observable to observable at commensurate scales

Grunberg

H.Lu, Rathsman, sjb

102

Effective Charges: analytic at quark mass thresholds,  finite at small momenta

Pinch scheme: Cornwall, et al
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Relate Observables to Each Other
• Eliminate intermediate scheme

• No scale ambiguity 

• Transitive!

• Commensurate Scale Relations

• Conformal Template

• Example: Generalized Crewther Relation
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 Eliminate MSbar, 
Find Amazing Simplification



 
 Stan Brodsky,  SLACUNAM

September 30, 2010
Novel QCD Phenomena at the LHC

105

Geometric Series in Conformal QCD

Generalized Crewther Relation

Lu, Kataev, Gabadadze, Sjb
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[1 + αR(s∗)
π ][1− αg1(q

2)
π ] = 1

√
s∗ � 0.52Q

[1 + αR(s∗)
π ][1− αg1(q

2)
π ] = 1

√
s∗ � 0.52Q

Generalized Crewther Relation

Conformal relation true to all orders in 
perturbation theory

No radiative corrections to axial anomaly
Nonconformal terms set relative scales (BLM)

Analytic matching at quark thresholds
No renormalization scale ambiguity!

Lu, Kataev, Gabadadze, Sjb
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Transitivity Property of Renormalization Group

A B

C

A      C C      B A       B identical to 

Relation of observables independent of intermediate scheme C
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3 Gluon Vertex In 

Scattering Amplitudes

Pinch-Technique approach : 

fully dress with gauge-invariant Green’s functions

(A)
+ perms

(B)

35
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13

The Pinch Technique
(Cornwall, Papavassiliou)

Gauge-invariant gluon self-energy!

Gauge-dependent

++(2)PT =

self!energy!like projection

self!energy!like projection

)()(),( 11 kSpSkpVq !!
!"#

q V

natural generalization of QED charge
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Pinch Scheme (PT)

• J. M. Cornwall, Phys. Rev. D  26, 345 (1982)

• Equivalent to Background Field Method in Feynman gauge

• Effective Lagrangian Scheme of Kennedy & Lynn

• Rearrange Feynman diagrams to satisfy Ward Identities

• Longitudinal momenta from triple-gluon coupling, etc. hit vertices 
which cancel (“pinch”) propagators

• Two-point function: Uniqueness, analyticity, unitarity, optical theorem

• Defines analytic coupling with smooth threshold behavior



 

General Structure of the 

Three-Gluon Vertex

3 index tensor            built out of          and          

with 
321

ˆ
!!!" !#g 321

,, ppp

0
321
$%% ppp

“THE FORM-FACTORS OF THE GAUGE-INVARIANT THREE-GLUON VERTEX”

M.B. and Stanley J. Brodsky.  hep-ph/0602199. Submitted to PRD

1
p

3
p2

p
3

!
2

!

1
!

$"
321

ˆ
!!!

14 basis tensors and form factors
22

111

Binger, sjb

Full analytic calculation, 
general masses, spin

Pinch Scheme
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Multi-scale Renormalization of 

the Three-Gluon Vertex

36

)( 2

1pg

gauge-invariant 

subset of rad. cor.

coupling at each vertex 

absorb the rad. cor. 

)( 2

2pg )( 2

3pg

1p

2p

3p

),,(~ 2

3

2

2

2

1 pppg



 
 Stan Brodsky,  SLACUNAM

September 30, 2010
Novel QCD Phenomena at the LHC

113

General Structure of the 

Three-Gluon Vertex

3 index tensor            built out of          and          

with 
321

ˆ
!!!" !#g 321

,, ppp

0
321
$%% ppp

“THE FORM-FACTORS OF THE GAUGE-INVARIANT THREE-GLUON VERTEX”

M.B. and Stanley J. Brodsky.  hep-ph/0602199. Submitted to PRD

1
p

3
p2

p
3

!
2

!

1
!

$"
321

ˆ
!!!

14 basis tensors and form factors
22

µ2
R �

Q2
minQ2

med
Q2

max

µ2
R �

p2
minp2

med
p2
max

�+

�−

< 0|Gµν(x)Gστ(0)|0 >

Gµν = ∂µAν − ∂νAµ + ig[Aµ, Aν]

H. J. Lu
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Properties of the Effective Scale

),,(),,( 22 cbaQcbaQ effeff !!!"

),,(||),,( 22 cbaQcbaQ effeff #### "

||),,(2 aaaaQeff "

||54.5),,(2 aaaaQeff $!!

||||for         ||08.3),,(2 caccaaQeff %%$

||||for         ||8.22),,(2 caccaaQeff %%$!

|||,|||for         
||

||
8.22),,(2 cba
a

bc
cbaQeff %%$

41

Surprising dependence on Invariants
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52

• Preliminary calculation 
using (massless) results 
for tree level form factor

• Very low effective scale         

much larger cross 
section than         with 
scale 

• Future : repeat analysis 
using the full mass-
dependent results and 
include all form factors

crossed++=

= 0
jet

jet

p
T

T

p

proton

proton

C

C

= 0

where

MS

QQQR MM or    !"

Heavy Quark Hadro-production

Q

Q

Expect that this approach accounts for most of the one-loop corrections
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Unification in Physical Schemes

• Smooth analytic threshold behavior 
with automatic decoupling

• More directly reflects the unification of 
the forces 

• Higher “unification” scale than usual

19
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1

1

!
"

1

2

!
"

1

3

!
"

18

Asymptotic unification of 
strong, electromagnetic, and weak 

forces in analytic 
pinch scheme

QED

QCD

Binger, sjbSupersymmetric
SU(5)
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QCD Myths
• 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

• Infrared Slavery

• Nuclei are composites of nucleons only

• Real part of DVCS arbitrary


