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Theory and Phenomenology

• 4 Staff members 

• S. Kraml (CNRS) 

• M. Mangin-Brinet (CNRS)

• I. Schienbein (UJF)

• C. Smith (CNRS)

• 3 Post-Docs

• S. Kulkarni (-9/2014)

• T. Stavreva (-9/2013)

• A. Wingerter (-9/2013)

• 5 Doctoral students

• voir: 
http://lpsc.in2p3.fr/index.php/activites-
scientifiques/physique-theorique/presentation-
generale

• Collider phenomenology 

• Heavy quark production (D and B) 

• Gamma+Q in pp, pA and AA

• Parton Distribution Functions (PDFs)

• Physics beyond the SM (BSM)

• SUSY, BSM-Higgs 

• DM

• GUTs, W’, Z’

• Flavour physics, Family symmetries

• Other

• Hadronic physics, neutrino interactions

• Lattice QCD
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PDFs

• Global analyses of nuclear PDFs

• Nuclear PDFs from neutrino DIS: arXiv:0710.4897

• Global analysis of nCTEQ PDFs: arXiv:0907.2357

• Nuclear correction factors: arXiv:1012.0286

• nCTEQ PDFs with uncertainties: in preparation

nCTEQ PDFs available at:
projects.hepforge.org/ncteq

• PDF-related work

• Review of Target Mass Corrections: arXiv:0709.1775

• Gluon and charm PDFs from gamma+Q production in pA: arXiv:1012.1178

• Heavy flavor schemes

• DIS structure functions up to N3LO in the ACOT scheme: arXiv: 1203.0282

• A generalization of the ACOT scheme (denoted H-VFNS): arXiv:1306.xxxx

• Strange quark PDFs: arXiv:1203.1290

• Intrinsic charm/bottom: 

• Probing IC with inclusive D meson production: arXiv:1202.0439 (LHC), arXiv:0901.4130 (RHIC,Tevatron) 

• Probing IC with gamma+Q production: arXiv:1305.3548

• On intrinsic bottom: in preparation 
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Outline

• Parton Distribution Functions (PDFs)

• nCTEQ nuclear PDFs

• The strange content of the nucleon

• Charm in the nucleon

• Intrinsic Bottom?
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Parton Distribution Functions (PDFs)
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NUCLEAR PDFS (NPDF)

• Information on hadronic structure

• Initial state for hard processes in collisions involving hadrons
• Deep inelastic scattering (DIS): !A, νA
• Drell-Yan (DY): A+ B → !+ + !−

• Jets, Photons, Hadrons at large pT ; Heavy Quarks; . . .
in pA, AA, (γA, eA) collisions

• Provide nuclear corrections for global analyses of proton PDFs in a
flexible way

I. Schienbein (LPSC Grenoble) Nuclear PDFs April 2, 2012 4 / 55

PDFs
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THEORETICAL BASIS: FACTORIZATION

• Factorization theorems
• provide (field theoretical) definitions of universal PDFs
• make the formalism predictive
• make a statement about the error

• PDFs and predicitions for observables+uncertainities refer to this
standard pQCD framework

• There might be breaking of QCD factorization, deviations from DGLAP
evolution — in particular in a nuclear environment

Still need solid understanding of standard framework
to establish deviations!

In the nuclear case, consider factorization as a working assumption
to be tested phenomenologically

I. Schienbein (LPSC Grenoble) Nuclear PDFs April 2, 2012 5 / 55

Theoretical Basis: Factorization
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FactorisationFactorisation

Proton
aa

Proton
b

c

= f Pa⊗ f P b⊗  abc

From experiment
Calculable from 

theoretical model

Parton Distribution Functions (PDFs)

f P a , b x ,2

 Universal

 Describe the structure of hadrons

 Obey DGLAP evolution equations

The hard part  ab c 
2

 Free of short distance scales

 Calculable in perturbation theory

 Depends on the process

Friday, June 28, 13



Predictive Power

● DIS:

● DY: 

● A+B -> H + X:

● Predictions for unexplored kinematic regions
and for your favorite new physics process

Universality: same PDFs/FFs enter different processes:

Friday, June 28, 13



10

The different Parton Distributions:

 uv(x,Q2),dv(x,Q2)  quark model, carry 50% of proton mom.

 light sea, E866: 

 

 g(x,Q2) gluon, carries 30% of momentum

strange sea, NuTeV:    

 c(x,Q2),b(x,Q2) heavy quark PDFs, perturbatively generated

possible intrinsic contribution at large-x

 g( x,Q2) Photon PDF in proton <-> QED radiation

Small isospin violation:  up(x,Q2)  ≠  dn(x,Q2) 
(already due to QED radiation)

40% of momentum

The different partons

Friday, June 28, 13
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Data:

● Deep inelastic scattering data
● H1 ,ZEUS (ep)
● BCDMS,NMC (µp,µd)
● CCFR (u-Fe)

● p+pbar -> jet +X : D0, CDF

● DY pp: E605

● DY pd/pp: NA51, E866 (updated)

● W-lepton asymmetry: CDF

● u-DIS dimuon data: Nutev

Backbone: 10^-5 < x < 0.1
up > down, evolution of F2 -> gluon

large-x gluon: 0.01 < x <0.5
dominated by systematics

d /u

s , s

d/u

info on sea 

Asymmetry: info on

at large-x

FL ! gluon

Data 
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Status of MSTW PDF analysis Benchmark W and Z production Higgs, top and jet production αS from DIS Summary

Data sets fitted in MSTW 2008 NLO analysis [arXiv:0901.0002]

Data set χ2 / Npts.

H1 MB 99 e+p NC 9 / 8
H1 MB 97 e+p NC 42 / 64
H1 low Q2 96–97 e+p NC 44 / 80
H1 high Q2 98–99 e−p NC 122 / 126
H1 high Q2 99–00 e+p NC 131 / 147
ZEUS SVX 95 e+p NC 35 / 30
ZEUS 96–97 e+p NC 86 / 144
ZEUS 98–99 e−p NC 54 / 92
ZEUS 99–00 e+p NC 63 / 90
H1 99–00 e+p CC 29 / 28
ZEUS 99–00 e+p CC 38 / 30
H1/ZEUS e±p F charm

2 107 / 83
H1 99–00 e+p incl. jets 19 / 24
ZEUS 96–97 e+p incl. jets 30 / 30
ZEUS 98–00 e±p incl. jets 17 / 30
DØ II pp̄ incl. jets 114 / 110
CDF II pp̄ incl. jets 56 / 76
CDF II W → lν asym. 29 / 22
DØ II W → lν asym. 25 / 10
DØ II Z rap. 19 / 28
CDF II Z rap. 49 / 29

Data set χ2 / Npts.

BCDMS µp F2 182 / 163
BCDMS µd F2 190 / 151
NMC µp F2 121 / 123
NMC µd F2 102 / 123
NMC µn/µp 130 / 148
E665 µp F2 57 / 53
E665 µd F2 53 / 53
SLAC ep F2 30 / 37
SLAC ed F2 30 / 38
NMC/BCDMS/SLAC FL 38 / 31
E866/NuSea pp DY 228 / 184
E866/NuSea pd/pp DY 14 / 15
NuTeV νN F2 49 / 53
CHORUS νN F2 26 / 42
NuTeV νN xF3 40 / 45
CHORUS νN xF3 31 / 33
CCFR νN → µµX 66 / 86
NuTeV νN → µµX 39 / 40

All data sets 2543 / 2699

• Red = New w.r.t. MRST 2006 fit.

G. Watt 5/60
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• Valence quarks
p=|uud〉

PDFs: x-dependence

Up

Down
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• Valence quarks
p=|uud〉

• Gluons
carry about 40% of momentum

PDFs: x-dependence

Gluon
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• Valence quarks
p=|uud〉

• Gluons
carry about 40% of momentum

• Sea quarks
light quark sea, strange sea

PDFs: x-dependence

Sea
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• Valence quarks
p=|uud〉

• Gluons
carry about 40% of momentum

• Sea quarks
light quark sea, strange sea

PDFs: Q-dependence

Sea

RGE’s (DGLAP)
known to NNLO
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1.) Parameterize  x-dependence of PDFs at input scale  Q0:

f x ,Q0=A0 x A11−x A2 Px ; A3 , ... ; f =uv , d v , g ,u , d , s , s

2.) Evolve from  Q0 -->Q by solving the DGLAP evolution equations

--> f(x,Q)

3.) Define suitable Chi^2 function and minimize w.r.t. fit parameters

global
2 [Ai]=∑n

wnn
2 ;n

2=∑I

Dn I−T n I


n I



2

Sum over experiments
Sum over data points

weights: default=1, allows to emphasize certain data sets

Global Analysis: General ProcedureGlobal Analysis: General Procedure
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FlowchartFlowchart
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nCTEQ nuclear PDF
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K Kovarik, 
I. Schienbein, 
J.Y. Yu,
T. Stavreva, 
T Jezo, 
C. Keppel,
J.G. Morfin, 
F. Olness,
J.F. Owens.  
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NUCLEAR CTEQ
Framework as in CTEQ6M proton fit:

• Same functional form for bound proton PDFs inside a nucleus A as for free
proton PDFs (restrict x to 0 < x < 1):

x f p/Ak (x,Q0) = c0xc1 (1− x)c2ec3x (1+ ec4x)c5 , k = uv , dv , g, ū + d̄ , s, s̄ ,
d̄(x,Q0)/ū(x,Q0) = c0xc1 (1− x)c2 + (1+ c3x)(1 − x)c4

(bound neutron PDFs f n/Ak by isospin symmetry)
• A-dependent fit parameters: (reduces to free proton paramters ck,0 for A = 1)

ck → ck (A) ≡ ck,0 + ck,1(1− A−ck,2), k = 1, . . . , 5

• PDFs for a nucleus (A,Z ): f (A,Z)i (x ,Q) = Z
A f

p/A
i (x ,Q) + A−Z

A f n/Ai (x ,Q)

• Input parameters: Q0 = mc = 1.3 GeV, mb = 4.5 GeV, αNLO,MS
s (MZ ) = 0.118

• Heavy quark treatment: ACOT scheme

• Standard DIS-cuts: Q > 2 GeV, W > 3.5 GeV

I. Schienbein (LPSC Grenoble) Nuclear PDFs April 2, 2012 17 / 55
Friday, June 28, 13



EXPERIMENTAL INPUT

Use same data as HKN’07 (up to cuts)

• DIS FA
2 /FD

2 data sets: 862 points
(before cuts)

• DIS FA
2 /FA′

2 data sets: 297 points
(before cuts)

• DY data sets σpADY/σ
pA′

DY : 92 points
(before cuts)

Table from Hirai et al.,arXiv:0909.2329

I. Schienbein (LPSC Grenoble) Nuclear PDFs April 2, 2012 18 / 55
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RESULTS: DECUT3 FIT

• 708 (1233) data points after (before) cuts
• 32 free paramters; 675 d.o.f.
• Overall χ2/d.o.f. = 0.95
• individually:

• for FA
2 /FD

2 : χ2/pt = 0.92
• for FA

2 /FA′

2 : χ2/pt = 0.69
• for DY: χ2/pt = 1.08

• Our simple approach works!

I. Schienbein (LPSC Grenoble) Nuclear PDFs April 2, 2012 19 / 55
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✔ CTEQ style global fit extended 

   handle various nuclear targets

✔ CTEQ Data + nuclear DIS & DY  

  [~15 targets;  ~2000+ data]

✔ A-dependence modeled;

      NLO fits work  well

Nuclear PDFs from neutrino deep inelastic scattering.  
I. Schienbein, J.Y. Yu, C. Keppel, J.G. Morfin, 
F. Olness, J.F. Owens. Phys.Rev.D77:054013,2008. 

ak=ak ,0+ak ,1(1−A−ak ,2)

A-Dependent  PDFs 

nCTEQ Nuclear PDF's 17

proton

lead

proton

lead
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RESULTS: DECUT3 FIT
DIS DATA VS x
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RESULTS: DECUT3 FIT
DIS DATA VS x
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RESULTS: DECUT3 FIT
HERMES DATA VS Q2
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RESULTS: DECUT3 FIT
NMC DATA FOR D AND Sn/C VS Q2
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RESULTS: DECUT3 FIT
DRELL–YAN DATA
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RESULTS: DECUT3 FIT
DRELL–YAN DATA
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The strange content of the nucleon
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Strange PDF

• Before dimuon data (~2001) essentially no 
experimental constraints on strange sea

• Theoretical assumptions necessary!

• Early parametrisations (Duke-Owens):
SU(3)-symmetric sea

• Even SU(2)-symmetry is broken!
(Gottfried sum rule, E866 experiment)

• Later parametrisations (e.g. CTEQ6.1):
SU(3) symmetry is broken;
strange sea ~ 1/2 light sea

• CTEQ6.6 and later: dimuon data!
strange PDF fitted with 2 free parameters

50 D. W. DUKE AND J. F. OWENS 30

x(uv+d1)=N„dx '(1—x) '(1+y„dx),
xd1 ——Ndx '(1—x) (1+ydx),

where

(2)

Ngd 3/I+(171 r72+1)l 1+ygd91/(r71+ 172+1)]l

Nd I/I+( 73~74+ 1)(1+7d 73/( 73+74+ 1)]I
and 8 (x,y) is the Euler beta function. For the sea quarks
we assumed simply

xu =xd =xs =As(1—x) S/6 . (3)

The fitted parameter values at Qo ——4 (GeV/c) may be
obtained from the s =0 values of the Q -dependent
parametrization given below. The fitted value of A in the
leading order is 0.2 GeV/c. Hereafter this set of input
distributions will be referred to as "set 1."
The gluon parameters in set 1 are directly constrained

by the J/1( data and indirectly but still strongly con-
strained by the dimuon data. This latter circumstance
arises because the pX dimuon data are proportional to the
antiquark distributions and these are in turn strongly in-

decided to include in the fitting procedure data for high-
mass dimuon production. Specifically, data from both
Fermilab and the CERN ISR for s ~ do/dMdy for
~y ~

&0.1 have been used. In order to avoid possible
backgrounds from heavy-quark semileptonic decays a cut
on the dimuon mass of M&6 GeV/c was imposed.
Furthermore, the normalization of the data was allowed
to vary in order to account for, among other things, the
well known E-factor effect upon leading-logarithm calcu-
lations. ' The E factors determined by the fits were 1.91
(1.74) for the soft (hard) gluon choices as discussed below.
The data discussed above are sensitive to the gluon dis-

tribution only through mixing with the quark singlet
terms. In order to have some data which are more sensi-
tive to the gluon distribution, we have also considered the
xz distributions of J/P's produced in pN collisions. "
The "duality"-type model was used in fitting these data as
discussed in Ref. 12. The inclusion of these data places a
strong constraint on the gluon distribution, but the price
to be paid is the use of a model rather than a theoretical
calculation for J/g production. Accordingly, these J/P
data were used in only one of the fits to be discussed
below.

III. PARTON-DISTRIBUTION FITS
The two fits to be presented here differ chiefly in the

shape of the gluon distribution. In each case a form

xG(x, QO )=AG(1+yGx)(1—x)"
was used. The first set was determined using all three of
the data types discussed in Sec. II. The parameter AG
was fixed by the momentum sum rule while yG and r7G
were fitted. These parameters are very highly correlated
and the errors are large if both are varied at once. In the
final fit the values were fixed at yG ——9.0 and 17G ——6.0,
values which were typical of the fitted results and are
similar to those suggested by earlier analyses. ' ' The
valence-quark distributions were parametrized by

to the evolved distributions. The resulting parametriza-
tions may be trusted at the few-percent level for Q up to
about 1 (TeV/c) for the bulk of the x range 0 to 1. The
only exception to this is for the gluon and sea distribu-
tions at large-x values where the distributions are already
extremely small.
The level of agreement between the exact and fitted

values of the singlet quark and gluon distributions at very
small x is an issue of some relevance to QCD predictions
for, e.g., a 20 TeV &20 TeV collider. In this scenario
production of a QQ pair via gg fusion with m(7&35
GeV/c would probe the gluon distribution in the region
x =2m(7/Vs &2&&10 . This is well inside the QCD-
generated small-x spike of width M =0.05 in the gluon
distribution. As a measure of the reliability of our fits at
very small x, we note that for Q =5000 (GeV/c) and
x =0.0014, the gluon fit is about 14% (27%) higher than
the result of the numerical integration for the set 1 (set 2)
distributions, respectively. For the singlet quark distribu-
tions the corresponding values are 4% and 20.5%. For
x &0.005 and Q & 1 (TeV/c), the discrepancies are no-
where more than a few percent and should be quite reli-
able, except, as stated above, for the gluon distribution for
x &0.8 and Q in the 1 (TeV/c) range.
On the other hand, the physical significance of those

spikes in the singlet quark and gluon distributions is quite
problematical. The spikes result from an n = 1 pole in the
singlet anomalous-dimension matrix and it is by no means
certain whether this leading-logarithm behavior survives a
more careful treatment. This then results in up to an
order-of-magnitude uncertainty in those QCD predictions
which probe very small x (10
The valence distributions are parametrized as in Eqs.

(1) and (2) and xG, xS, and xc are parametrized in the
general form

Ax'(1 —x)"(I+ax+Px +yx ), (4)

where S=2(u +d +s). Each of the constants in all of the
parametrizations has a quadratic dependence on the vari-
able s of the form A (s) =Ao+A1s+A2s, etc.
The results for set 1 are as follows. For x(u1+d1)

fluenced through evolution by the gluon distribution. It
could be argued that the pN dimuon data may be influ-
enced by anomalous nuclear' effects which could alter
the form of the sea. ' Accordingly, a second fit was per-
formed without the J/f and Columbia —Fermilab —Stony
Brook (CFS) dimuon data. For this fit the gluon parame-
ters were chosen to be yg ——9.0 and gG ——4.0, thus corre-
sponding to an intentionally broader gluon distribution.
The fitted value of A for this case is 0.4 GeV/c, illustrat-
ing the previously mentioned A-gluon correlation.
The fitting program' used in these analyses operates by

directly integrating the Altarelli-Parisi equations in x
space. This is a fast and convenient way to obtain the
evolved distributions during the fitting, but for subsequent
applications it is more convenient to have simple Q-
dependent parametrizations of the results. Similar to
most previous analyses' we have fitted functional forms
depending on the variable

s =In[(lnQ /A )/(lnQO /A )]

d̄(x) > ū(x)

(s+ s̄)(x,Q0) = (ū+ d̄)(x,Q0)

 ' 0.5

s = s̄
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Strange PDF: Uncertainty

5

anti-neutrino–induced opposite sign dimuon events [33].
The ratio of the strange to non-strange sea in the nucleon
was measured to be κ = 0.48+0.09+0.17

−0.07−0.12; this is consistent
with the values used in the global fits, c.f., Fig. 4.

The data analysis is continuing, and it will be very
interesting to include this data set into the global fits as
the large dimuon statistics have the potential to strongly
influence the extracted PDFs.

F. MINERνA

The cross sections in neutrino DIS experiments from
NuTeV, CCFR, CHORUS and NOMAD have been mea-
sured using heavy nuclear targets. In order to use these
measurements in a global analysis of proton PDFs, these
data must be converted to the corresponding proton or
isoscalar results [36–42]. For example, the nuclear cor-
rection factors used in the CTEQ6 global analysis were
extracted from "±N DIS processes on a variety of nuclei,
and then applied to νN DIS on heavy nuclear targets.
In a series of recent studies it was found that the "±N
nuclear correction factors could differ substantially from
the optimal νN nuclear correction factors [39–43].

Furthermore, the nuclear corrections depend to a cer-
tain degree on the specific observable as they contain
different combinations of the partons; the nuclear correc-
tion factors for dimuon production will not be exactly
the same as the ones for the structure function F2 or
F3. The impact of varying the nuclear corrections on the
strange quark PDF has to be done in the context of a
global analysis which we leave for a future study.

The MINERνA experiment has the opportunity to
help resolve some of these important questions as it can
measure the neutrino DIS cross sections on a variety of
light and heavy targets. It uses the NuMI beamline at
Fermilab to measure low energy neutrino interactions to
study neutrino oscillations and also the strong dynamics
of the neutrino–nucleon interactions. MINERνA com-
pleted construction in 2010, and they have begun data
collection. MINERνA can measure neutrino interactions
on a variety of targets including plastic, helium, carbon,
water, iron, and lead. For 4 ∗ 1020 Protons on Target
(POT) they can generate over 1M charged current events
on plastic.

These high statistics data on a variety of nuclear tar-
gets could allow us to accurately characterize the nuclear
correction factors as a function of the nuclear A from
helium to lead. This data will be very useful in resolv-
ing questions about the nuclear corrections, and we look
forward to the results in the near future.

G. CDF & DO

At the Tevatron, the CDF [44] and D0 [45] collabora-
tions measured Wc final states in pp̄ at

√
S = 1.96 TeV

0.0001 0.001 0.01 0.1
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0.6

0.8

1.0

1.2

Figure 4: κ(x,Q) vs. x for Q = 1.5 GeV for a se-
lection of PDFs, where κ(x,Q) is defined in Eq. (4).
The curves (top to bottom) are CTEQ6.6 (solid, red),
CTEQ6.5 (dotted, black) and CTEQ6.1 (dashed, pur-
ple). The wider (blue) band represents the uncertainty
for CTEQ6.6 as computed by Eq. (5), the inner (green)
band represents uncertainty given by the envelope of
κ(x,Q) values obtained with the 44 CTEQ6.6 error sets.

using the semileptonic decay of the charm and the corre-
lation between the charge of the W and the charm decay.
Additionally, a recent study has investigated the impact
of the W+dijet cross section on the strange PDF [46].
These measurement are especially valuable for two rea-
sons. First, there are no nuclear correction factors as the
initial state is p or p̄. Second, this is in a very different
kinematic region as compared to the fixed-target neutrino
experiments. Thus, these have the potential to constrain
the strange quark PDF in a manner complementary to
the νN DIS measurements; however, the hadron-hadron
initial state is challenging. Using approximately 1 fb−1

of data, both CDF and D0 find their measurements to be
in agreement with theoretical expectations of the Stan-
dard Model. Updated analyses with larger data sets are
in progress and it will be interesting to see the impact of
these improved constraints on the strange quark PDF.

H. Strange Quark Uncertainty

The combination of the above results underscores the
observation that our knowledge of the strange quark is
limited. To illustrate this point in another manner, in
Fig. 4 we display κ(x,Q) for a selection of PDF sets.
Here, we define

κ(x,Q) =
s(x,Q)

[ū(x,Q) + d̄(x,Q)]/2
(4)

which is essentially a differential version of the κ param-
eter of Eq. (2); this allows us to gauge the amount of the
strange PDF inside the proton compared to the average
up and down sea-quark PDFs. If we had exact SU(3)
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Q=1.5 GeV

𝜿(x)
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x

• Knowledge of strange PDF is limited
(see figures)

• If exact SU(3) symmetry: 
ubar = dbar = sbar and 𝜿=1

• ms >> mu, md:
expect ubar = dbar > sbar and 𝜿<1

• CTEQ6.1, CTEQ6.5:  𝜿=0.5
by design

• CTEQ6.6: 𝜿=0.5 at x=0.1 
central PDF a factor 2 larger for small x

• Green error band:  (upper figure)
enveloppe of 44 CTEQ6.6 error PDFs

• Blue error band: (upper figure)
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What constrains the 
Strange???

11

0.02 0.05 0.10 0.20 0.50 1.00

0.1

0.2

0.3

0.4

0.5

0.6

U

D

S

C

Friday, June 28, 13



Strange PDF: experimental constraints

�F2 =
5

18
F

CC
2 � F

NC
2 ' x

6
[s(x) + s̄(x)]

Difference of CC and NC DIS structure functions

see, T. Adams et al., arXiv:0906.3563

•valid at LO, neglecting charm and isospin violation

•difference of large structure functions giving small 
strange distribution: large uncertainties
 

•  very weak constraints

(
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Strange PDF: experimental constraints

Opposite sign dimuon production in neutrino DIS: νN→μ+μ-X
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corrections
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 s gÆWc at the Tevatron

CDF & D0

Consistent 
with SM 

Also a challenge at LHC

Depends on 
nuclear 

corrections

• High-statistics data from CCFR and NuTeV: Main source of information!

• x~[0.01,0.4]

• νFe DIS: need nuclear corrections!

• CHORUS (νPb): compatible with NuTeV, could be included

• NOMAD (νFe): data not yet published, in principle very interesting
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Strange PDF: experimental constraints

Semi-Inclusive DIS (SIDIS): e+N→K+X
Factorizing the SIDIS cross section

Separate
I The proton structure
I The interaction with the

quasi free quarks
I The hadronization process

enforced by confinement

These results enable:
I Deeper understanding of the

hadronization process
I Better constrain the FFs
I Explore the limits of a simple

factorized approach

LO SIDIS cross section
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Sylvester J. Joosten (HERMES, Illinois) HERMES SIDIS multiplicities GHP April 2013 9 / 32
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• SIDIS data from HERMES

• e+ + D → K + X

• depends on fragmentation functions (FF)

• not (yet) included in global analyses

• compatible with CTEQ6.6 (red curve)

4
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Figure 2: We plot χ2/χ2
0 for the dimuon and the

“Inclusive-I” data sets evaluated as a function of the
strange asymmetry [S−]×104. The fits are denoted with

for the dimuons and for “Inclusive-I”. Quadratic ap-
proximations to the fits are displayed by the solid (red)
line for the dimuons and the dashed (green) line for

“Inclusive-I”.

form assumed for the CTEQ6 set. In particular, they
obtain a strange quark distribution that is suppressed in
the region x ! 0.1 but then grows quickly for x < 0.1
and exceeds the CTEQ6L value in the small x region by
more than a factor of two.

To gauge the compatibility of this result with the dis-
played PDFs, we can replace the initial s(x) distribution
with the form preferred by HERMES, and then evalu-
ate the shift of the χ2 with this additional constraint. A
preliminary investigation with this procedure indicates
that the HERMES s(x) distribution could strongly influ-
ence two data sets of the global fits. The first set is the
neutrino-nucleon dimuon data which controls s(x) in the
intermediate x region. The second set is the HERA mea-
surement of F2 in the small x region where the statistical
errors are particularly small.

In Fig. 3 we also show xS(x) from CTEQ6.6; while
the HERMES data are below the CTEQ6.6 result in the
x ∼ 0.1 region, they agree quite well at both the higher
and lower x values.

While these comparisons are sufficient to gauge the
general influence of the Hermes result, a complete anal-
ysis that includes the Hermes data dynamically in the
global fit is required to draw quantitative conclusions.
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Figure 3: The strange parton distribution xS(x) =
x[s(x) + s̄(x)] from the measured Hermes multiplicity
for charged kaons evolved to Q2 = 2.5GeV2. The
solid green curve is a Hermes 3-parameter fit: S(x) =
x−0.924e−x/0.0404(1−x), the dashed blue curve is the sum
of light anti-quarks x(ū+d̄) from CTEQ6L, the blue solid
curve is xS(x) from CTEQ6L, and the red solid curve is
the xS(x) from CTEQ6.6. Hermes data points and fit

are from Ref. [28].

D. CHORUS

The CHORUS experiment [29–31] measured the neu-
trino structure functions F2, xF3, R in collisions of sign
selected neutrinos and anti-neutrinos with a lead target
(lead–scintillator CHORUS calorimeter) in the CERN
SPS neutrino beamline. They collected over 3M νµ and
1M ν̄µ charged current events in the kinematic range
0.01 < x < 0.7, 0.05 < y < 0.95, 10 < Eν < 100.

This data was analyzed in the context of a global fit
in Ref. [32] which was based on the CTEQ6.1 PDFs.
This analysis made use of the correlated systematic errors
and found that the CHORUS data is generally compati-
ble with the other data sets, including the NuTeV data.
Thus, the CHORUS data is consistent with the strange
distribution extracted in CTEQ6.1.

E. NOMAD

The NOMAD experiment measured neutrino-induced
charm dimuon production to directly probe the s-quark
PDF [33–35]. Protons from the CERN SPS synchrotron
(450 GeV) struck a beryllium target to produce a neu-
trino beam with a mean energy of 27 GeV. NOMAD used
an iron-scintillator hadronic calorimeter to collect a very
high statistics (15K) neutrino-induced charm dimuon
sample [34].

Using kinematic cuts of Eµ1, Eµ2 > 4.5GeV, 15 <
Eν < 300GeV, and Q2 > 1 GeV2 NOMAD performed
a leading-order QCD analysis of 2714 neutrino- and 115

x(ū+ d̄)

xS = x(s̄+ s̄)

CTEQ6L

CTEQ6.6

3 param. fit
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Strange PDF: experimental constraints

Production of a vector boson+heavy quark: s+g →W+c 
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• Tevatron: analysis with ~1 fb-1

consistent with SM

• no nuclear corrections

• different kinematic region than neutrino DIS

• hadron-hadron initial state more challenging

• not yet competitive but updated analyses in 
progress
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Drell-Yan production of W/Z at the LHC

• Benchmark processes, essential to know impact of PDF uncertainties

• Conversely, W/Z production to constrain PDFs
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Larger Energy  fi  probes PDFs to small momentum fraction x
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7W Production at LHC: A Benchmark Cross Section

Tevatron LHC

Heavy Quark components play an
increasingly important role at the LHC  
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7W Production at LHC: A Benchmark Cross Section

Tevatron LHC

Heavy Quark components play an
increasingly important role at the LHC

• Larger energy ⇒ probes PDFs to small momentum fractions x

• Larger rapidity (y) ⇒ access to very small x

• Larger contribution from the sc-channel
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Drell-Yan production of W/Z at the LHC
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Uncertainty of strange-PDF will 
feed into benchmark process 
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Evolution of Kappa

0.0001 0.001 0.01 0.1
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𝜿(x)

x

Q=1.5

Q=80• Higher scales:
production of s(x) via gluon 
splitting moves 𝛋(x) to the SU(3) 
symmetric limit!

• LHC7 sensitive to x~0.01

• LHC14 sensitive to x~0.005 

• Need very precise measurement at 
Q=80 GeV to constrain strange 
PDF at Q=1.5 GeV!

Can W/Z data constrain the strange PDF?
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9
PDF Uncertainties    fi     S(x) PDF    ⇔      W/Z at LHC

y distribution shape 
can constrain s(x) PDF
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Recent Results from EW Moriond 2012
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Charm in the nucleon
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Is there charm in the nucleon?

• Standard approach: Charm entirely perturbative

• Heavy Flavour Schemes

• FFNS: charm not in the proton
keep logs(Q/m) in fixed order

• VFNS: charm PDF in the proton
resum logs(Q/m)

• Different Heavy Flavour Schemes = different ways to 
organize the perturbation series

• What is structure? What is interaction?
Freedom to choose the factorization scale

• However, charm not so much heavier than 
Lambda_QCD

• There could be a non-perturbative intrinsic charm 
component

• Important to test the charm PDF experimentally
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Based on the Collins-Wilczek-Zee (CWZ) Renormalization Scheme
… hence, extensible to all orders

DGLAP kernels & PDF evolution are pure MS-Bar
Subtractions are MS-Bar

ACOT: mÆ 0 limit  yields  MS-Bar  

with no finite renormalization  
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H1 Collaboration: 
Eur.Phys.J.C65:89,2010. 

Heavy Flavor Components will play prominent role at LHC

c,b

22

c & b 
tied to 

gluon PDFs
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INTRINSIC CHARM

Intrinsic charm:
c(x , µ0) 6= 0 at initial scale µ0 = mc

Models implemented in CTEQ 6.5C (PRD75, 2007)
global fit allows average momentum hxic+c̄ or order 1 %

1 Light-cone Fock-space picture (Brodsky et al.), concentrated at large x
hxic+c̄ = 0.57, 2.0 %

2 Meson-cloud model (Navarra et al.)
hxic+c̄ = 0.96, 1.8 %

3 Phenomenological model: sea-like charm, broad in x
hxic+c̄ = 1.1, 2.4 %

H. Spiesberger (Mainz) DIS, 27. 3. 2012 28 / 37

A colleague: “If QCD is right, there has to be IC”
(which normalization?)
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11 

Blue band corresponds to CTEQ6 
best fit, including uncertainty 

Red curves include intrinsic charm of 
1% and 3% (χ2 changes only slightly) 

A global fit by CTEQ to extract intrinsic-charm  

No conclusive evidence for intrinsic-charm  11 
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INTRINSIC CHARM: LHCB
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CTEQ6.6 updated:
BHPS, 3.5 % (c + c̄) at µ = 1.3 GeV high-strength sea-like charm

‹ large effects expected at large rapidities

H. Spiesberger (Mainz) DIS, 27. 3. 2012 30 / 37

arXiv:1202.0439, arXiv:0901.4130
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INTRINSIC CHARM: TEVATRON AND RHIC
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H. Spiesberger (Mainz) DIS, 27. 3. 2012 29 / 37
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How to Access Heavy Flavor Components Directly??? 23

c g→ c γ
b g→ b γ

s g→ c W

c g→ b W
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Comparison between theory & data

Measurements by DØ Collaboration [arXiv:0901.0739]
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Really good agreement for � + b

Not so for � + c

Given this: Possible explanation - existence of intrinsic charm rather
than higher order corrections

T. Stavreva Probing IC through � + Q production
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Intrinsic Charm e↵ect on � + c
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Sealike - overshoots data at low pT and undershoots at high pT

BHPS - the cross section grows at large pT, but still below data
Result inconclusive -

New Measurements - Tevatron - CDF & DØ
Test at pp Colliders - RHIC & LHC

T. Stavreva Probing IC through � + Q production
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new results DØ
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T. Stavreva Probing IC through � + Q production
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9

RHIC-PHENIX
 Direct photon in association with charm / bottom quark jets @ RHIC

- smaller c.m.s energy @ RHIC probes higher x - very sensitive to intrinsic charm

pT min Rapidity Isolation

Photon 7 GeV |yγ|<0.35 R=0.5, pT = 0.7GeV

Heavy Jet 5 GeV |yQ|<0.8 ---
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Probing IC with γ+Q at AFTER
See talk by T. Stavreva
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LHC-CMS

11
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[CMS notes: CMS PAS EGM-10-005, CMS PAS BPH-10-009]
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Monida Dunford
(Heidelberg U)
Kyoto, November 2012
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Intrinsic Bottom?
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Intrinsic bottom?

• No global analysis of intrinsic bottom exists due to lack of experimental constraints

• Important electro-weak and new physics processes couple to the b-quark PDF

• How can we estimate size of a potential intrinsic bottom component?

• Observations:

• IB evolves with a (standalone) non-singlet evolution equation

• Adding an IB-PDF does not spoil the other PDFs and sum rules much

• Possible the IB component! (in preparation)

quark (g, q,Q0) one recovers the same evolution equations as in the standard approach

without an intrinsic heavy quark component:

ġ = Pgg ⌦ g + Pgq ⌦ q + PgQ ⌦Q0 , (2.7)

q̇ = Pqg ⌦ g + Pqq ⌦ q + PqQ ⌦Q0 , (2.8)

Q̇0 = PQg ⌦ g + PQq ⌦ q + PQQ ⌦Q0 . (2.9)

For the intrinsic heavy quark distribution, Q1, one finds a standalone non-singlet evolution

equation:

Q̇1 = PQQ ⌦Q1 . (2.10)

In a global analysis of PDFs with intrinsic heavy quark PDFs, using the exact evolution

equations (2.1)–(2.3), the parton distributions satisfy the momentum sum rule

Z 1

0
dx x

 
g +

X

i

(qi + q̄i) +Q0 + Q̄0 +Q1 + Q̄1

!
= 1 . (2.11)

Allowing for a small violation of this sum rule it is possible to entirely decouple the analysis

of the intrinsic heavy quark distribution from the rest of the system. The PDFs for the

gluon, the light quarks and the extrinsic heavy quark can be taken from a global analysis in

the standard approach using Eqs. (2.7) – (2.9) where they saturate already the momentum

sum Z 1

0
dx x

 
g +

X

i

(qi + q̄i) +Q0 + Q̄0

!
= 1 . (2.12)

On top of these PDFs the intrinsic heavy quark PDF can be determined in a standalone

analysis using the non-singlet evolution equation (2.10). This induces a violation of the

momentum sum rule by the term

Z 1

0
dx x

�
Q1 + Q̄1

�
(2.13)

which, however, is very small for bottom quarks. We will perform numerical checks of the

goodness of our approximations in Sec. 2.3 after having discussed the boundary conditions

for the intrinsic heavy quark distribution.

2.2 Modeling the boundary condition

The BHPS model predicts the following x-dependence for the intrinsic charm (IC) parton

distribution function:

c1(x) = c̄1(x) / x

2[6x(1 + x) lnx+ (1� x)(1 + 10x+ x

2)] . (2.14)

On the other hand, the normalization and the precise energy scale of this distribution are

not specified. In the CTEQ global analyses with intrinsic charm this functional form has

been used as a boundary condition at the scale Q = mc leaving the normalization as a free

fit parameter.

– 4 –

BHPS:

We expect the x-shape of the intrinsic bottom distribution b1(x) to be very similar

to the one of the intrinsic charm distribution. Furthermore, the normalization of IB is

expected to be parametrically suppressed with respect to IC by a factor m2
c/m

2
b ' 0.1. We

therefore consider the following ansatz for the boundary condition for b1:

b1(x,mb) =
m

2
c

m

2
b

c1(x,mc) . (2.15)

Alternatively, because the scale of the boundary condition is not fixed, one can also use

the condition

b1(x,mc) =
m

2
c

m

2
b

c1(x,mc) (2.16)

and this relation remains valid at any scale Q. In this case, since c1 = c�c0, it is possible to

construct the IB PDF from the di↵erence of the CTEQ6.6c and CTEQ6.6M charm PDFs

at any scale without having to solve the non-singlet evolution equation for the IB PDF.

We will compare the two boundary conditions in Eqs. (2.15) and (2.16) in the next section.

2.3 Numerical tests

• Table: Momentum fractions carried by c0, c1, b0, b1.

• Figures: b0/c0, c1/c0, b1/b0.

• PDFs get enhanced by a factor 1 + c1/c0 reps. 1 + b1/b0. b0/c0 > 0.2 > b1/c1 '
m

2
c/m

2
b = 0.08. Hence, intrinsic bottom e↵ects relatively less important than intrinsic

charm e↵ects as visible in the smaller b1/b0 ratio. E↵ects get smaller at higher scales

(relevant for heavy new physics). At small x < 0.1 the dynamically generated heavy

quark distributions dominate. c1 and b1 can be multiplied by a factor of 3 when

taking the maximal intrinsic charm.

• Need also grid for boundary condition (2.15)!

3 Predictions for LHC observables

In this section we present predictions for some LHC observables which are sensitive to

the bottom-quark PDF in order to estimate the impact of a possible intrinsic bottom

component in the nucleon.

The present calculations have been carried out using the CTEQ6.6M PDFs inside a

proton [12] (along with the corresponding strong coupling constant ↵MS,5
s (MZ) = 0.118 at

next-to-leading order). The renormalization, factorization and fragmentation scales have

been set to µR = µF = µf = pT� and we have used mc = 1.3 GeV and mb = 4.2 GeV for

the charm and bottom quark masses.

4 Conclusions

A FORTRAN code generating the IC and IB PDFs discussed in this paper is available upon

request from the authors.

– 5 –

Parametrically:
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Scale evolution of IB

(a) (b)

Figure 3. a) Boundary condition for the IB PDF according to Eq. (2.15) and Eq. (2.16) at the
scale Q

2 = m

2
b . b) Ratio of the two curves in a).

Figure 4. Scale-evolution of the IB PDF at NLO according to the non-singlet evolution equation
(2.10) using the boundary condition in Eq. (2.16) with mc = 1.3 and mb = 4.5 GeV. Shown are
results for Q2 = 1.69, 10, 100, 1000, and 10000 GeV2.

– 7 –

Can add the intrinsic b1 PDF to the radiatively generated b0 PDF: 
b(x) = b0(x) + b1(x)

Allows to estimate the effect of IB 
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IB less important than IC

Figure 5. Ratio of the dynamically generated bottom and charm parton distributions atQ2 = 100,
and Q

2 = 106 GeV2.

(a) (b)

Figure 6. Ratio of intrinsic and dynamically generated heavy quark PDFs for a) charm and b)
bottom quarks.

– 8 –

Figure 5. Ratio of the dynamically generated bottom and charm parton distributions atQ2 = 100,
and Q

2 = 106 GeV2.

(a) (b)

Figure 6. Ratio of intrinsic and dynamically generated heavy quark PDFs for a) charm and b)
bottom quarks.

– 8 –
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Conclusions

• nCTEQ nuclear PDFs [soon with uncertainties]

• At LHC, strange and heavy quark PDFs increasingly 
important

• Discussed experimental constraints on strange PDF, impact 
on W/Z production

• Discussed observables sensitive to charm PDF

• How to model intrinsic bottom

Friday, June 28, 13



Merci!
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Evolution Equations

In addition, the measurements at the LHC would provide a baseline for � +Q production

in pA [22] and AA collisions [23].

1.6 Intrinsic bottom

While there are at least a few global analyses focusing on the possibility of an intrinsic

charm (IC) component to the nucleus [11, 12], studies of intrinsic bottom (IB) PDFs

have not been performed at all. The purpose of this paper is to provide IB PDFs which

can be used to gauge the impact of such a non-perturbative component of the nucleon

structure on b-quark initiated processes. A problem is that an IB PDF is not constrained

by existing data entering a global analysis of proton PDFs and it is therefore not viable to

perform a global fit in order to obtain information on it. Fortunately, the intrinsic bottom

PDF evolves (to an excellent precision) according to a standalone non-singlet evolution

equation so that it is possible to propose simple models for the IB PDF without the need

of performing a full-fledged global analysis of PDFs.

The rest of this paper is organized as follows. In Section 2 we demonstrate that the

scale-evolution of the IB PDF is governed by a non-singlet evolution equation. We then
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ġ = Pgg ⌦ g + Pgq ⌦ q + PgQ ⌦Q0 +⇠⇠⇠⇠⇠
PgQ ⌦Q1 , (2.4)

q̇ = Pqg ⌦ g + Pqq ⌦ q + PqQ ⌦Q0 +⇠⇠⇠⇠⇠
PqQ ⌦Q1 , (2.5)

Q̇0 + Q̇1 = PQg ⌦ g + PQq ⌦ q + PQQ ⌦Q0 + PQQ ⌦Q1 . (2.6)

Neglecting the crossed out terms which give a tiny contribution to the evolution of the

gluon and light quark distributions the system of evolution equations can be separated

into two independent parts. For the system of gluon, light quarks and extrinsic heavy

– 3 –

Friday, June 28, 13



Evolution Equationsquark (g, q,Q0) one recovers the same evolution equations as in the standard approach

without an intrinsic heavy quark component:

ġ = Pgg ⌦ g + Pgq ⌦ q + PgQ ⌦Q0 , (2.7)

q̇ = Pqg ⌦ g + Pqq ⌦ q + PqQ ⌦Q0 , (2.8)

Q̇0 = PQg ⌦ g + PQq ⌦ q + PQQ ⌦Q0 . (2.9)

For the intrinsic heavy quark distribution, Q1, one finds a standalone non-singlet evolution

equation:

Q̇1 = PQQ ⌦Q1 . (2.10)

In a global analysis of PDFs with intrinsic heavy quark PDFs, using the exact evolution

equations (2.1)–(2.3), the parton distributions satisfy the momentum sum rule

Z 1

0
dx x

 
g +

X

i

(qi + q̄i) +Q0 + Q̄0 +Q1 + Q̄1

!
= 1 . (2.11)

Allowing for a small violation of this sum rule it is possible to entirely decouple the analysis

of the intrinsic heavy quark distribution from the rest of the system. The PDFs for the

gluon, the light quarks and the extrinsic heavy quark can be taken from a global analysis in

the standard approach using Eqs. (2.7) – (2.9) where they saturate already the momentum

sum Z 1

0
dx x

 
g +

X

i

(qi + q̄i) +Q0 + Q̄0

!
= 1 . (2.12)

On top of these PDFs the intrinsic heavy quark PDF can be determined in a standalone

analysis using the non-singlet evolution equation (2.10). This induces a violation of the

momentum sum rule by the term

Z 1

0
dx x

�
Q1 + Q̄1

�
(2.13)

which, however, is very small for bottom quarks. We will perform numerical checks of the

goodness of our approximations in Sec. 2.3 after having discussed the boundary conditions

for the intrinsic heavy quark distribution.

2.2 Modeling the boundary condition

The BHPS model predicts the following x-dependence for the intrinsic charm (IC) parton

distribution function:

c1(x) = c̄1(x) / x

2[6x(1 + x) lnx+ (1� x)(1 + 10x+ x

2)] . (2.14)

On the other hand, the normalization and the precise energy scale of this distribution are

not specified. In the CTEQ global analyses with intrinsic charm this functional form has

been used as a boundary condition at the scale Q = mc leaving the normalization as a free

fit parameter.
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Kinematics in the Hadronic Frame

P1
s
2

1,0,0, 1 P1
2 0

P2
s
2

1,0,0, 1 P2
2 0

P1

P2 p2 = x2 P2

q=(p 1
+p 2

)
p 1

 = x 1
 P 1

l+

l-

s P1 P2
2 s

x1 x2

s x1 x2
s
s

Q2

sTherefore

d
dQ2

q , q

dx1 dx2 q x1 q x2 q x1 q x2 0 Q2 s

Parton 
distribution
functions

Partonic 
cross

section

Hadronic 
cross

section

Fractional energy2 between 
partonic and hadronic system

Fred Olness

CTEQ summer school
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0
4 2

9 s
Qi

2

Scaling form of the Drell-Yan Cross Section

Q4 d
dQ2

4 2

9
q ,q

Qi
2

1 dx1

x1
q x1 q x1 q x1 q x1

Notice the RHS is a 
function of only τ, not Q.

This quantity should 
lie on a universal 

scaling curve.

 Cf., DIS case, 
& scattering of 

point-like constituents

Q2 s 1
s x1

x2 x1

Using: and

we can write the cross section in the scaling form:
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p12 p1 p2 E12 ,0,0, pL

E12
s
2

x1 x2

pL
s
2

x1 x2
s
2

xF

Longitudinal Momentum Distributions

p1 = x1 P1 p2 = x2 P2

Partonic CMS has longitudinal momentum w.r.t. the hadron frame

p12

xF is a measure of the longitudinal momentum

The rapidity is defined as: 
y 1

2
ln

E12 pL

E12 pL

1
2

ln
x1

x2x1,2 e y

d Q2 dxF dy d s xF
2 4

d
dQ2 dxF

4 2

9Q4
1

xF
2 4 q , q

Qi
2 q x1 q x1 q x1 q x1

d x1 d x2 d dy
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J. C. Webb, Measurement of continuum dimuon production in 
800-GeV/c proton nucleon  collisions, arXiv:hep-ex/0301031.

Let's compare data and theory
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A. D. Martin, R. G. Roberts, W. J. Stirling and R. S. Thorne,
Eur. Phys. J. C23, 73 (2002);
Eur. Phys. J. C14, 133 (2000);
Eur. Phys. J. C4, 463 (1998)

10
-9

10
-7

10
-5

10
-3

10
-1

10

10 3

10 5

10 7

10 9

0.08 0.09 0.1 0.2 0.3 0.4

E772 (p d →µ+µ- X)   pLAB = 800 GeV

M
3 d2 σ/

dx
Fd

M
 (n

b/
G

eV
2 /n

uc
le

on
)

√τ

Excellent agreement between data and theory

p + Cu at 800 GeV p + d at 800 GeV

pp & pN processes sensitive to 
anti-quark distributions 
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Discussion

• FNAL E605

• fixed target pCu collisions

• 800 GeV proton beam, Sqrt(S) = 38.8 GeV

• di-muon invariant mass 7...17 GeV; 7./38.8 = 0.18

• sensitive to quark PDFs down to x~0.03

• normalization uncertainty 15%!

• Modern measurement of DY with AFTER very interesting

• NLO and NNLO calculations available

• improved PDFs, modern statistical methods

• different kinematic range due to higher cms-energy

• Usually nuclear corrections assumed to be negligible:
→AFTER can test with different nuclear targets 

• extraction of nPDFs with data for a single nucleus thinkable,  no modeling of A-dependence!
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Ratio of DY cross sections and the 
asymmetry of the light quark sea
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Gottfried sum rule and the asymmetry in the light 
quark sea

IG(Q
2) =

Z
dx

x

[F lp
2 (x,Q2)� F

ln
2 (x,Q2]

IG(Q
2) =

1

3
� 2

3

Z 1

0
dx(d̄(x,Q2)� ū(x,Q2))

Leading order parton model:

INMC
G (Q2 = 4) = 0.235± 0.026

d̄(N = 1) > ū(N = 1)

Mellin moment: f(N) =

R 1
0 dxx

N�1
f(x)

Experimental result:

Consequence: the light quark sea is asymmetric!
dbar > ubar (the integral)

→ NuSea: measurement of x-dependence For a detailed discussion:
Kataev, hep-ph/0311091

Friday, June 28, 13



800 GeV

Protons

Hadron 

Absorber

Low Mass
High Mass

DiMuon Mass (GeV)

Co
un

ts/
0.

1 
G

eV

1

10

10 2

10 3

10 4

10 5

2 4 6 8 10 12 14 16

0

1000

2000

3000

4000

5000

x 10 2

2 4 6 8 10 12

0

2500

5000

7500

2 4 6 8 10 12

Low Mass

High Mass

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

CTEQ4M

MRS(R2)

MRST

NA 51

x

d_  / 
u_

Fermilab E866 - Drell-Yan

±0.032 Systematic error not shown
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pp 4
9
u x1 u x2

1
9
d x1 d x2

pn 4
9
u x1 d x2

1
9
d x1 u x2

pd

2 pp
1
2

1 1
4
d1

u1

1 1
4
d1

u1

d2

u2

1
d2

u2

1
2

1
d2

u2

Cross section ratio of pp vs. pd

u d
u dObtain the neutron PDF via isospin symmetry:

In the limit x1 >> x2:

For the ratio we have:

pd

2 pp
1
2

1
d2

u2

As promised, this provides 
information about the 
sea-quark distributions

EXERCISE: Verify the above.

Fred Olness

CTEQ summer school
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E.A. Hawker, et al.  [FNAL E866/NuSea Collaboration], Measurement of the 
light antiquark flavor asymmetry in the nucleon  sea, PRL 80, 3715 (1998)

Does the theory match the data???

pd

2 pp
1
2

1
d2

u2

Implies R<1 for large x:
d u
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H. L. Lai, et al.}  [CTEQ Collaboration], Global 
{QCD} analysis of parton structure of the nucleon: 
CTEQ5 parton  distributions, EPJ C12, 375 (2000)

E866  required significant changes in the hi-x sea distributions

E.A. Hawker, et al.  [FNAL E866/NuSea Collaboration], Measurement of the 
light antiquark flavor asymmetry in the nucleon  sea, PRL 80, 3715 (1998)

With increased flexibility in the parameterization of the 
sea-quark distributions, good fits are obtained
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Discussion

• FNAL E866/NuSea ~1998

• pp data (shifted upwards by 8.7% in MSTW08)
→modern analysis might be useful!

• ratio of pd over pp DY:

• normalization uncertainty cancels

• sensitive to dbar(x)/ubar(x)

• Can AFTER improve precision of data?
Extend kinematic reach to larger x>0.3?

• Note, at small x<0.05: dbar = ubar
SU(2)-symmetric sea (even more the higher the scale)

• Usually nuclear corrections assumed to be negligible:
→AFTER can test with different nuclear targets 

         

























       







 






 

 

Isospin asymmetry in the

nucleon light sea:

¯

d(x) 6= ū(x)
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W rapidity asymmetry in p-pbar:
probing d/u ratio
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Where do the W's and Z's come from ???

u(xa)

W+

d(xb)

For anti-proton: 

d
dy

W
2
3

GF

2
u xa d xb

d
dy

W
2
3

GF

2
d xa u xb

d
dy

W
2
3

GF

2 q q

V q q
2 q xa q xb q xb q xa

proton anti-proton

1 10
0.1

1
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 W+

 W-

_

_

_

_

_
_

_

_
sc

flavour decomposition of W cross sections

cd

dc
su

us

cs

du
ud

pp pp

%
  o

f  
to

ta
l  

σ LO
(W

+ ,W
- )

√s   (TeV)

Therefore

u x u x d x d x

A. D. Martin, R. G. Roberts, W. J. Stirling and R. S. Thorne,
Eur. Phys. J. C23, 73 (2002); Eur. Phys. J. C4, 463 (1998)
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A
u xa d xb d xa u xb
u xa d xb d xa u xb

Rdu xb Rdu xa
Rdu xb Rdu xa

A y

d
dy

W
d
dy

W

d
dy

W
d
dy

W

A bit of calculation

u(xa)

W+

d(xb)

With the previous approximation, 

proton anti-proton

Rdu x
d x
u x

x1,2 x0e
y x0 1 y

Rdu x1,2 Rdu x0 y x0R' du

A y y x0
R' du x0

Rdu x0

where

Thus, the asymmetry is:

We can make Taylor expansions:

EXERCISE: Verify the above.
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F. Abe, et al.  [CDF Collaboration], PRL 81, 5754 (1998)
Measurement of the lepton charge asymmetry in W boson decays 
produced  in p anti-p collisions,

Charged Lepton Asymmetry

Unfortunately, 
we don't measure the  W 
directly since W→eν. 

Still the lepton contains 
important information

d u

ν e-

W-

1 cos 2

Friday, June 28, 13



S. Kuhlmann, et al.,  Large-x parton distributions,   PL B476, 291 (2000)

d/u Ratio at High-x

The form of the 
d/u ratio at large x 
as a function of 

1) Parameterization

2) Nuclear Corrections
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Status of MSTW PDF analysis Benchmark W and Z production Higgs, top and jet production αS from DIS Summary

W ± → !±ν charge asymmetry at the LHC

AW (yW ) =
dσ(W+)/dyW − dσ(W−)/dyW
dσ(W+)/dyW + dσ(W−)/dyW

≈
uv (x1)− dv (x1)

u(x1) + d(x1)

A!(η!) =
dσ(#+)/dη! − dσ(#−)/dη!
dσ(#+)/dη! + dσ(#−)/dη!

≡ AW (yW )⊗ (W± → #±ν)
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• First PDF constraint from LHC data (→ NNPDF2.2).
• MSTW08 has input xuv ∝ x0.29±0.02 and xdv ∝ x0.97±0.11.
Many other groups assume equal powers ⇒ potential bias.

G. Watt 33/60
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PDF Uncertainties

● Experimental Errors to be 
propagated to the PDFs

● Theoretical Uncertainties

● Details of the Global Fits

● Inconsistencies in the use 
of the PDFs/application of 
the theoretical framework

There are known Unknowns ...
Sources:
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Errors of experimental data

● Hesse Matrix

– Eigenvector PDFs

– Quadratic approximation

– Simple computation of correlations

● Lagrange Multipliers

– No quadratic approximation

– Time consuming

● Monte Carlo Methods

– generate N data samples by varying data within errors

– N fits to the N samples -> Estimate uncertainty

Methods: to propagate exp. errors to PDFs
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Hessian method:

Assume only one fit parameter a --> Expand           around Minimum  a0 
2a

2a=2 a0
1
2
2 ' ' a0a−a0

2...

Determine Tolerance  T <--> 1-sigma uncertainty: T=2

--> 1-s uncertainty range for parameter a such that:

2a=2 a02⇒ a=T 2 /2 ' ' a0

--> best fit PDF:   a0 , two 'Eigenvector' PDFs: 

Eigenvalue of
Hessian 'matrix'

a0a , a0−a

1-s uncertainty for Observable X:

X=
X PDF [ a0a ]−X PDF [a0− a]

2
∝ a∝T

Generalization

to n parameters: 

add in quadrature
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Neutrino dataNeutrino data

● Correlated errors

● Radiative correct.

● with and w/o iso-

scalar corrections
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Fits to lA, DY and A data

● Many neutrino data points

● Use a weight parameter w to combine data sets

● w=0: only lA+DY data

● w=∞: only A data
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Nuclear correction factors Nuclear correction factors 

w=∞ w=0
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Nuclear correction factors Nuclear correction factors 

w=∞ w=0

● Nuclear effects in lA DIS and A DIS are different!

● Important for global analyses of (nuclear) PDF

● Important for neutrino precision observables 
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Figure 3: Momentum fraction carried by the (a) u-quark
and (b) ū-quark in the 3, 4, 5, and 6 flavor schemes.

theory. Thus, the separate contributions of the perturba-
tive QCD result must conspire to compensate the µ and
N

F

dependence to the order of the calculation.
For example, when we activate the charm PDF, we

find the gluon PDF is decreased. Within the limits of the
perturbation theory, we would expect that the decreased
contribution from the gluon initiated processes would be
(at least partially) compensated by the new charm initi-
ated processes. This compensation mechanism is clearly
evident for the calculation of F

charm

2 ; additionally, we
find that because the gluon initiated and charm initi-
ated contribution generally have opposite renormaliza-
tion scale dependence, the resulting VFNS prediction is
more stable in µ as compared to the FFNS result [6].

Another compensating mechanism is evident when
comparing Fig. 2 and Fig. 4 where we note that the
N

F

dependence of ↵

s

is generally opposite to that of
the gluon PDF; this observation is particularly interest-
ing as many NLO contributions are proportional to the
combination ↵

S

⇥ x g. If we consider the inclusive struc-
ture functions F123L, for example, the LO contributions
are proportional to the electroweak couplings and the
quark PDFs – both of which are relatively invariant under
changes in N

F

. Thus, the primary effect of the N

F

de-
pendence will be to modify the NLO contributions which
are dominantly proportional to ⇠ ↵

S

⇥ x g. For these
contributions, the x g and ↵

S

dependence will partially
cancel each other out so that the total result is relatively
stable as a function of N

F

[6, 31].
To illustrate this mechanism, we show the combination

Figure 4: (a) 2-loop ↵

S

for different number of flavors;
(b) ratio of 3, 4, 5, and 6-flavor ↵

S

to the 6-flavor one.

↵

S

⇥ x g vs. x (in Fig. 5) and vs. µ (in Fig. 6). The
compensating properties are best observed in the ratio
plots (Figs. 5b and 6b).

For example, in Fig. 5b for µ = 5 GeV we see that if we
start with N

F

= 3 for both ↵

s

and g (red line), the effect
of changing N

F

= 5 for ↵

s

increases ↵

S

⇥ x g by 6%;
but, changing N

F

= 5 for the gluon decreases ↵

S

⇥ x g

by roughly the same amount. Hence, the combination
↵

S

⇥ x g is relatively stable under a change of N

F

as
we see by comparing the curves labeled {3, 3} (red) and
{5, 5} (cyan). This is an example of how the perturbation
theory adjusts to yield a result that is (approximately)
independent of N

F

at a given order of perturbation the-
ory.

In Fig. 6 we show ↵

S

⇥x g vs. µ for a choice of x values
{10�1

, 10�3
, 10�5}. While {3, 3} (red) and {5, 5} (cyan)

results are roughly comparable for lower µ and higher x

values (10�1), for smaller x values and larger µ the shift
in the gluon is not sufficient to compensate that of ↵

s

.

Reviewing Fig. 5 in more detail, we observe that
the N

F

compensation works well for lower µ values
⇠ (5, 10) GeV across a broad range of x. For µ = 5 GeV,
the curves labeled {3, 3} (red) and {5, 5} (cyan) match
within about ⇠ 2% over much of the x range. However,
for larger µ = 100 GeV the compensation between ↵

S

and
g is diminished. We will see this pattern again when we
examine the physical structure functions, and this differ-
ence is driven (in part) by uncanceled mass singularities
in the FFNS result.

6

which allows us to examine the charm threshold. The
full set of N

F

= {3, 4, 5, 6} PDFs is generated as de-
scribed above using the MS matching conditions applied
at the quark mass values.11 The details of the matching
are described in Appendix A.

A. NF Dependence of the PDFs

We begin by illustrating the effect of the number of
active flavors N

F

on the PDFs, f
i

(x, µ,N
F

). One of the
simplest quantities to examine is the momentum fraction
h´ 1

0 x f

i

(x) dx
i

carried by the PDF flavors as a function
of the µ-scale.

Fig. 2 shows the gluon and heavy quark momentum
fractions as a function of the µ scale. For very low µ

scales all the curves coincide by construction; when µ <

m

c,b,t

the charm, bottom, and top degrees of freedom will
“deactivate” and the N

F

= 4, 5, 6 results will reduce to
the N

F

= 3 result.
As we increase the µ scale, we open up new channels.

For example, when µ > m

c

the charm channel activates
and the DGLAP evolution will generate a charm PDF
via the g ! cc̄ process. Because the overall momentum
sum rule must be satisfied

h

P

i

´ 1
0 x f

i

(x) dx = 1
i

, as we
increase the momentum carried by the charm quarks, we
must decrease the momentum carried by the other par-
tons. This interplay is evident in Fig. 2. In Fig. 2-a, we
see that for µ = 1000 GeV, the momentum fraction of the
N

F

= 4 gluon is decreased by ⇠ 4% as compared to the
N

F

= 3 gluon. Correspondingly, in Fig. 2-b we see that
at µ = 1000 GeV, the momentum fraction of the charm
PDF is ⇠ 4%. Thus, when we activate the charm in the
DGLAP evolution, this depletes the gluon and populates
the charm PDF via g ! cc̄ process.

In a similar manner, comparing the momentum frac-
tion of the N

F

= 5 gluon to the N

F

= 4 gluon at
µ = 1000 GeV we see the former is decreased by ⇠ 3%;
in Fig. 2-b we see that at µ = 1000 GeV the momentum
fraction of the bottom PDF is ⇠ 3%.

The gluon PDF is primarily affected by the heavy N

F

channels as it couples via the g ! cc̄, bb̄, tt̄ processes. The
effect on the light quarks {u, d, s} is minimal as these
only couple to the heavy quarks via higher order pro-
cesses (uū ! g ! cc̄). This property is illustrated in
Fig. 3 where we display the u and ū quark momentum
for different N

F

values. While the N

F

variation yields
a ⇠ 8% momentum fraction shift for the gluon, the to-
tal shift of the u quark is only ⇠ 1% of the momentum
fraction.12

11 These NF -dependent PDFs are available on the nCTEQ web-
page at HEPForge.org.

12 For example, in Fig. 3-a, we see the momentum fraction change
from ⇠ 20% for NF = 3 to ⇠ 19% for NF = 6.
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Figure 2: (a) Gluon momentum fraction; (b)
Momentum fraction for c+ c̄, b+ b̄ and t+ t̄ quarks.

The results have been obtained using NLO PDFs (MS)
with a 2-loop ↵

S

.

B. NF Dependence of ↵s

The PDFs are only one piece of the full calculation; an-
other essential ingredient is the strong coupling constant
↵

S

(µ,N
F

). The running coupling is sensitive to higher-
order processes involving virtual quark loops; hence, it
depends on the number of active quarks, and we make
this dependence explicit with the ↵

S

(µ,N
F

) notation.
More precisely, the strong coupling depends on the renor-
malization scale µ

R

, in contrast to the factorization scale
µ

F

. However, for this work we have set µ

R

= µ

F

= µ.
In Fig. 4 we display ↵

S

(µ,N
F

) vs. µ for different N

F

values. We choose an initial ↵
S

(µ,N
F

) at a low µ = Q0

and N

F

= 3, and evolve this to larger scales using the
NLO beta function. (See Appendix A 1 for details.) As
we saw in Fig. 2, the N

F

transitions are evident.
There are strong constraints on ↵

S

(µ,N
F

) at low scales
(µ ⇠ m

⌧

) from hadronic ⌧ decays, and at high scales
(µ ⇠ M

Z

) from LEP2 measurements [38]; thus, it is not
trivial to satisfy both limits for a fixed value of N

F

.

C. Interplay between ↵S(µ,NF ) and g(x, µ,NF )

If we could do an all-orders calculation for any physical
observable, this would be independent of N

F

and µ; for
finite-order calculations, any residual µ and N

F

depen-
dence is simply an artifact of our truncated perturbation
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Figure 3: Momentum fraction carried by the (a) u-quark
and (b) ū-quark in the 3, 4, 5, and 6 flavor schemes.

theory. Thus, the separate contributions of the perturba-
tive QCD result must conspire to compensate the µ and
N

F

dependence to the order of the calculation.
For example, when we activate the charm PDF, we

find the gluon PDF is decreased. Within the limits of the
perturbation theory, we would expect that the decreased
contribution from the gluon initiated processes would be
(at least partially) compensated by the new charm initi-
ated processes. This compensation mechanism is clearly
evident for the calculation of F

charm

2 ; additionally, we
find that because the gluon initiated and charm initi-
ated contribution generally have opposite renormaliza-
tion scale dependence, the resulting VFNS prediction is
more stable in µ as compared to the FFNS result [6].

Another compensating mechanism is evident when
comparing Fig. 2 and Fig. 4 where we note that the
N

F

dependence of ↵

s

is generally opposite to that of
the gluon PDF; this observation is particularly interest-
ing as many NLO contributions are proportional to the
combination ↵

S

⇥ x g. If we consider the inclusive struc-
ture functions F123L, for example, the LO contributions
are proportional to the electroweak couplings and the
quark PDFs – both of which are relatively invariant under
changes in N

F

. Thus, the primary effect of the N

F

de-
pendence will be to modify the NLO contributions which
are dominantly proportional to ⇠ ↵

S

⇥ x g. For these
contributions, the x g and ↵

S

dependence will partially
cancel each other out so that the total result is relatively
stable as a function of N

F

[6, 31].
To illustrate this mechanism, we show the combination
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Figure 4: (a) 2-loop ↵

S

for different number of flavors;
(b) ratio of 3, 4, 5, and 6-flavor ↵
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to the 6-flavor one.

↵

S

⇥ x g vs. x (in Fig. 5) and vs. µ (in Fig. 6). The
compensating properties are best observed in the ratio
plots (Figs. 5b and 6b).

For example, in Fig. 5b for µ = 5 GeV we see that if we
start with N

F

= 3 for both ↵

s

and g (red line), the effect
of changing N

F

= 5 for ↵

s

increases ↵

S

⇥ x g by 6%;
but, changing N

F

= 5 for the gluon decreases ↵

S

⇥ x g

by roughly the same amount. Hence, the combination
↵

S

⇥ x g is relatively stable under a change of N

F

as
we see by comparing the curves labeled {3, 3} (red) and
{5, 5} (cyan). This is an example of how the perturbation
theory adjusts to yield a result that is (approximately)
independent of N

F

at a given order of perturbation the-
ory.

In Fig. 6 we show ↵

S

⇥x g vs. µ for a choice of x values
{10�1

, 10�3
, 10�5}. While {3, 3} (red) and {5, 5} (cyan)

results are roughly comparable for lower µ and higher x

values (10�1), for smaller x values and larger µ the shift
in the gluon is not sufficient to compensate that of ↵

s

.

Reviewing Fig. 5 in more detail, we observe that
the N

F

compensation works well for lower µ values
⇠ (5, 10) GeV across a broad range of x. For µ = 5 GeV,
the curves labeled {3, 3} (red) and {5, 5} (cyan) match
within about ⇠ 2% over much of the x range. However,
for larger µ = 100 GeV the compensation between ↵

S

and
g is diminished. We will see this pattern again when we
examine the physical structure functions, and this differ-
ence is driven (in part) by uncanceled mass singularities
in the FFNS result.
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