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LHC began collisions in 2010

Will the world be absorbed by a black hole?
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It has been a very good year for Physics!!!!!! 3



  

Recent Measurements Spectacular:   Requires Theoretical Improvements4

CMS

ATLAS

LHC-B

H1 & ZEUS



  

Issues we encounter: 

1) Multi-scales

2) Nuclear Component

3) Hi precision Hi orders

5QCD is the Foundation

Without a good foundation ...



  

W/Z Production
“Benchmark Calculations”

… things are different at the LHC
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Larger Energy    probes PDFs to small momentum fraction x

Larger Rapidity (y)    probes PDFs to really   small x
Larger fraction of heavy quarks 
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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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8PDF 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. 
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Comparison with new NNPDF sets:   Les Houches 2009



  

9PDF Uncertainties      S(x) PDF    ⇔      W/Z at LHC

y distribution shape 
can constrain s(x) PDF

W+   at LHC

Z at LHC

NNLO VRAP Code
Anastasiou, Dixon,  Melnikov, Petriello, 

Phys.Rev.D69:094008,2004. 

NNLO VRAP Code
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LHC-B

ATLAS

Kusina, Stavreva, Berge, Olness, 
Schienbein, Kovarik, Jezo, Yu, Park

Phys.Rev. D85 (2012) 094028



  

Recent Results from EW Moriond 2012



  

What constrains the 
Strange???
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Di-muon production    Extract s(x) Parton Distribution
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Extract   s(x) Extract   s(x)

s(x) and  s(x)  are essential in extraction of  Sin
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 
Dimension
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Will Brooks (ATLAS)
18 December 2009
VIII Latin American Symposium on
Nuclear Physics and Applications



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



✔ 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

Extended CTEQ Framework

ak=ak ,0ak ,11−A−ak ,2

16

A-Dependent  PDFs 

Also, other NPDF sets by: 
M.Hirai, S.Kumano, T.-H.Nagai,
K.J.Eskola, H.Paukkune, C.A.Salgado,
S.Kulagin, R.Petti

Kovarik, Schienbein, Olness, Yu, Keppel, Morfin, 
Owens, Stavreva, Phys.Rev.Lett. 106 (2011) 122301



✔ 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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Can LHC Nuclear Data help with Nuclear DIS Corrections????

Different linear combinations – key for flavor differentiation

18

DIS Production Drell-Yan Jet Production

In particular, the DIS combinations have 
historically been particularly useful

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



  

Nuclear Corrections:  Compare Neutrino and Charged Lepton DIS

  Neutrino DIS

Charged Lepton DIS 

 /Z

W

19



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

Nuclear Corrections:  Nuclear PDF Uncertainties 20

PRELIM
IN

ARY

Up Quark PDF 
Nuclear Uncertainty
Q=1.3 GeV

NEW



  

… what about the  
Heavy Quarks

c   &  b
Extrinsic & Intrinsic

21



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



How to Access Heavy Flavor Components Directly??? 23

c g→ c γ
b g→ b γ

s g→ c W
c g→ b W



  



  

Monida Dunford
(Heidelberg U)
Kyoto, November 2012



  

D. Duggan (D0) arXiv:0906.0136

26Heavy Quarks at the Tevatron



  

Thanks to 
Tzvetalina Stavreva 

27Including “Intrinsic Heavy Quark” Component

T. Stavreva, K. Kovarik, F. Olness, arXiv:1206.2175
T. Stavreva, I. Schienbein, F. Arleo, K. Kovarik, F. Olness, J.Y. Yu, J.F. Owens, JHEP 1101 (2011) 152

“Normal”

“Intrinsic”

Tevatron



  

Higher Orders

An example...

ACOT@ NNLO + N3LO

28

Stavreva, Olness, Schienbein, Jezo, Kusina, Kovarik, Yu
 Phys.Rev. D85 (2012) 114014



  

LO NLO N2LO N3LO

Full ACOT

ACOT Extension to Higher Orders 29

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: m0 limit  yields  MS-Bar  
with no finite renormalization
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LO
NLO
N2LO
N3LO
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FL

x=10-3

FL

x=10-5

At NNLO+ we have discontinuties. But QCD Compensates!!!

Quark & Gluon 
have opposite 
discontinuities

… this is really cool!!!



  

Comparison

32



Les Houches 
Comparative Studies 

33

ACOT &  S-ACOT Codes
Used in CTEQ4HQ, 5HQ, 6HQ

Aivazis, Collins, Olness, Tung, 
Phys.Rev.D50:3102-3118,1994. 

Thorne-Roberts (TR')
MSTW Fits

Thorne,  Phys.Rev.D73:054019,2006. 

FONLL:
Used in NNPDF Fits

Forte, Laenen, Nason, Rojo, 
Nucl.Phys.B834:116-162,2010.

S-ACOT 
CTEQ 6.5 & 6.6

Tung, Lai, Belyaev, Pumplin, Stump, Yuan,
 JHEP 0702:053,2007. 

Nadolsky, Tung,  Phys.Rev.D79:113014,2009.

The Cast:

ABKM:

Blumlein, Klein, Moch
Phys.Rev.D81:014032,2010

Excellent progress in addressing how to compute heavy quarks

Les Houches Report.
 J. Rojo, et al., arXiv:1003.1241 [hep-ph]

Work is continuing

Many of the above incorporated in   
HERA-Fitter



  

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

There are 
4 curves 
here

34

Differences understood
Should reduce at higher order
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HERA FITTER

35



  



  

Conclusion
37



  

Heavy Quark Issues
(Multiscale)

Nuclear Modifications

The 
Challenges

High Precision / Higher Order Corrections

The Future is  NOW!
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Isospin Symmetry
... taken for granted

40
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Isospin Symmetry used to relate PDFs

Proton Neutro
n

Anti-
Proton

Anti-
Neutron

Isospin

41

 A Review of Target Mass Corrections.
Ingo Schienbein et al,

J.Phys.G35:053101,2008. 

d
u
u

proton

u
d
d

neutron

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

Isospin terms are 
comparable to 
NNLO  QCD

Fast evolution of parton distributions
Stefan Weinzierlar, Xiv:hep-ph/0203112
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FLAVOR DECOMPOSITION: Final State Quark: 42
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Why is F
L
  so special ???

Callan-
Gross

Masses 
are 
importan
t

43

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 44

Updated results soon ...



  Monida Dunford
(Heidelberg U)
Kyoto, November 2012
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