
Fred OlnessFred Olness

SMU SMU 

GGI

16 September 2011

PDFs in the LHC EraPDFs in the LHC Era
… … a new perspectivea new perspective

Earth, as viewed from GGI



f
P→ a

σ
aγ→ c

calculable from 
theoretical model

must extract from 
experiment

Parton Distribution Functions 

(PDFs)     f
P→ a 

are the key to calculations 

involving hadrons!!!a

σP γ →c = f P→a ⊗ σ̂aγ→c

Electron

Proton

Cross section is product of independent probabilities!!! (Homework Assignment)

The Parton Model and Factorization

γ

c

Corrections of 
order (Λ2/Q2)



PDF extraction requires a variety of measurements

Different linear combinations – key for flavor differentiation

3

DIS Production Drell-Yan Jet Production

In particular, the DIS combinations have 
historically been particularly useful

The ν-DIS data typically use heavy targets, and this requires the application of nuclear corrections

P



pdg.lbl.gov

4Global PDF analyses combine Hadron-Hadron w/ other sets

Fixed Target: 
DIS charged 

lepton
DIS neutrino

DY
Direct Photon

HERA (ep)

Tevatron: 
Jets

W Asymmetry

LHC DATA 
just now being 

included







7FOUNDATIONS

PDFs are certainly one of the foundations

that our search for “new physics” 

is built upon

µ2=10 GeV2



LHC is ideal for certain measurements

For full picture, we need to combine with other measurements

These measurements are interdependent 

and part of the foundation we use 

to calibrate the search for “new physics”

I will look at some select examples 

LHC results



Higgs Production

… 
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W/Z 
Production

“Benchmark Calculations”





Drell-Yan

W/Z PRODUCTION

We'll see this again later

Great for searches





W/Z 
Ratios





Drell-Yan

W/Z PRODUCTION

New this year!!!

W Cross Section
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W
Asymmetry

@ LHC



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 σ
dy

(W +) −
d σ
dy

(W −)

d σ
dy

(W +
) +

d σ
dy

(W −
)

A bit of calculation

u(x
a
)

W
+

d(x
b
)

With the previous approximation, 

proton anti-proton

Rdu(x) =
d (x)

u(x)
x1,2 = x0 e±y

≃x0(1± y)

Rdu(x1,2)≈Rdu(x0)± y x0 R ' du(√τ)

A( y) = − y x0

R ' du(x0)

Rdu(x0)

where

Thus, the asymmetry is:

We can make Taylor expansions:

EXERCISE: Verify the above.

W Asymmetry 20







LHC-B

ATLAS

CMS



W
Asymmetry

@ Tevatron



Heidi Schellman DIS2011



Heidi Schellman DIS2011



Pavel Nadolsky  DIS2011



What is 
happening 
with d/u

This combination rather unique



Uncertainties in determining parton distributions at large x.
A.Accardi, W.Melnitchouk, J.F.Owens, M.E.Christy, C.E.Keppel, L.Zhu, J.G.Morfin
 arXiv:1102.3686 [hep-ph] 

x
1,2

d/u

LHC  values scaled appropriately

Determined from DIS and DY on p and d



W/Z 
Production

On the theoretical side …



Heavy quark PDFs are essential ingredient

W Production at LHC: A Benchmark Cross Section

Heavy Quark components play an
increasingly important role at the LHC
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Tevatron LHC



32
PDF Uncertainties    ⇒    S(x) PDF    ⇒      W/Z at LHC

PDF Uncertainties will feed into 

LHC “Benchmark” processes

W+   at LHC

Z at LHC

Anastasiou, Dixon,  Melnikov, Petriello, 
Phys.Rev.D69:094008,2004. 

VRAP 
Code

strange
contribution

strange
contribution

rapidity

rapidity
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Comparison with new NNPDF sets:   Les Houches 2009



What constrains the 
Strange???

33
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Di-muon production  ⇒  Extract s(x) Parton Distribution

N

νµ

µ− µ+

s
c

X
N

νµ

µ+ µ−

s
c

X

34

Extract   s(x) Extract   s(x)

s(x) and  s(x)  are essential in extraction of  Sinθ
W

Used in CTEQ6 Fits

W-

g

s

c

CDF: PRL 100:091803,2008.
D0:  PLB666:23,2008.

 s g→Wc at the Tevatron

CDF & D0

Consistent 
with SM 

Also a challenge at LHC

Depends on 
nuclear 

corrections



Nuclear 
Corrections

 
???

35



Start with 
Neutrino data 

on heavy targets 
(Fe, Pb, ...)

“Corrected” data 
for isoscalar

“Corrected” data 
for proton

Traditional Input to Global PDF Fit

Global 
PDF Fit

Nuclear
Correction

Isospin
Symmetry

Nuclear
Correction
“Frozen”

No 
Feedback!!!

36

Include Nuclear Dimension 
Dynamically



Oooooops!



Nuclear Corrections:  Compare Neutrino and Charged Lepton DIS

⇐  Neutrino DIS

Charged Lepton DIS ⇒

γ /Z

W±

38



✔ 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 39

proton

lead

proton

lead



K Kovarik, 
I. Schienbein, 
J.Y. Yu,
T. Stavreva, 
T Jezo, 
C. Keppel,
J.G. Morfin, 
F. Olness,
J.F. Owens.  



… what about the  
Heavy Quarks

c   &  b
Extrinsic & Intrinsic

41



e

p

γ

F2 from HERA:   Essential ingredient for  PDF analysis 42



H1 Collaboration: 
Eur.Phys.J.C65:89,2010. 

Heavy Flavor Components will play prominent role at LHC

c,b

43

c & b 
tied to 

gluon PDFs



How to Access Heavy Flavor Components Directly??? 44

c g→ c γ
b g→ b γ

s g→ c W
c g→ b W







D. Duggan (D0) arXiv:0906.0136

47Heavy Quarks at the Tevatron



Are there Intrinsic Heavy Quarks???

b-quark
1%

2 %

M
om

en
tu

m
 F

ra
ct

io
n

µ (GeV)

CTEQ-6.6

c-quark

∗ Most sensitive near threshold
* What happens if we allow the 
evolution to determine charm?

Zero: No intrinsic charm
Positive: Intrinsic charm
Negative: Inconsistent

m
bm

c

Are there Intrinsic Heavy Quarks???   Do they matter???
48



Thanks to 
Tzvetalina Stavreva 

49Sample Cross Section for an Electron Ion Collider



Sample Cross Section for an Electron Ion Collider

Thanks to 
Marco Guzzi 

for this 
calculation
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What is the 
proper treatment 

of masses???



2009 Les Houches Comparative Studies
The SM and NLO Multileg Working Group: Summary report.

e-Print: arXiv:1003.1241 [hep-ph]



2009      Les Houches Comparative Study

ACOT & S-ACOT
essentially 
identical

... scheme 
differences are 
higher order

FONNL & S-ACOT

Numerically similar

MSTW09

We can quantify 
theoretical scheme 

diffferences

The SM and NLO Multileg Working Group: Summary report.
               J. Rojo, et al.,          e-Print: arXiv:1003.1241 [hep-ph]

S-ACOT
TR



LO

NLO

NNLO

Q < m
H

Q > m
H
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H

constant 
term

TR type schemes
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54Schematic Summary of ACOT  & TR  Schemes 54



DIS Production

Step toward NNLO CTEQ

cf. talk by
Pavel Nadolsky



Isospin Symmetry
... taken for granted

56



Isospin Symmetry used to relate PDFs

Proton Neutro
n

Anti-
Proton

Anti-
Neutron

Isospin

57

 A Review of Target Mass 
Corrections.

Ingo Schienbein et al,
J.Phys.G35:053101,2008. 



Isospin Symmetry is violated by Electroweak DGLAP Evolution

MRST, Eur.Phys.J.C39:155-161,2005.

d
u
u

proton

u
d
d

neutron

Photon is not flavor blind!!!

MRST-QED 04

58

Isospin terms are comparable to 
NNLO  QCD

Could Isospin terms affect 
Tevatron  W-Asymmetry???



Search for “new physics” requires dependable foundation

Ability to discover 
“New Physics” 

is dependent on distinguishing 
“Old Physics”

5959

As experimental precision has 
increased, we need to be concerned 

about the details



W+   at LHC

strange
contribution

rapidity

C
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Charm+γ  at Tevatron

Nuclear Modifications 
limit  PDFs

W Asymmetry

s(x) uncertainty
s(x) uncertainty: Challenge for  W/Z

The Puzzles

Correlations important

d/u





Backup



F
L
 



e

p

γ

Why is F
L
  so special ???

Callan-
Gross

Masses 
are 
importan
t

64

Higher Orders
 are important



H1 Collaboration and ZEUS Collaboration 
(S. Glazov for the collaboration). 
Nucl.Phys.Proc.Suppl.191:16-24, 2009.

New F
L
  Measurements: New Perspective 65

Updated results soon ...



S-ACOT
TR

S-ACOT
TR

Comparison of ACOT  & TR  Schemes

Different schemes ⇒ Different PDFs  ⇒   yet consistent σ 
Differences reduce at: 

1) higher Q,  
2) higher order

If experiments are sensitive, time to compute to higher order 



Jet Production

JET PRODUCTION

Parton discrimination
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