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Why  are  w e  interes ted in the  Proton s tructure?

* Because it 's  there! 
What  is  the s t ructu re of had rons?
What  is  the character  of the QCD theory?

... the other forces are com paratively  weak

* Because we need  th is  in form at ion  
for  any had ron- ind uced  p rocess.

Com p are these m ach ines:
LEP e+ e- √s= 200 GeV
HERA ep √s= 314 GeV
RHIC NN √s= N × 100 GeV
Tevat ron  p  -  p - bar √s= 2000 GeV
LHC p p √s= 14,000 GeV



The Search For New  Phy s ics

CDF Collaborat ion
PRL 77, 438 (1996)

Is this a sign of compositeness?

Jet Transverse Energy
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1996: Excess High ET Jets at Tevatron

H1 Collaborat ion, ZPC74, 191 (1997)
ZEUS Collaborat ion, ZPC74, 207 (1997)

1997: Excess DIS  events at large {x,Q2}

Is this a sign of lepto- quarks?

Precis ion PDF's  are  es s ential
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Deep ly Inelast ic Scat ter ing (DIS) Drell- Yan  (DY)

Use d ata to ext ract  PDF, then  m ake p red ict ions  for  other  p rocesses
Factoriz at ion :   Convolu t ion  of ind ep end en t  p robabilit ies

τ
INT 

<  τ
HAD

 :   If   τ
INT

~ 1/ Q   and    τ
HAD

~ 1/ M,   then  ⇒ Q/ M >  1

What  if Q/ M ≤ 1 ??? Higher  Twist

The Bas ic  Proces s es
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Deep ly Inelast ic Scat ter ing (DIS) Drell- Yan  (DY)

) Factor iz at ion  breaks d own
) Lose Universality
) No “Firs t  Princip les” m od el

... som et im es p aram eteriz ed  as  a 1/ Q2 correct ion

What about Higher Tw is t???



What data are  us ed in global fit to  extract PDF's

∗  Precis ion  d ata  es sen t ial to  PDF,  an d  h en ce, "n ew p h ys ics" search es
* Both Fixed  Target  an d  Collid er  d ata  n eed ed   to  m ap  ou t  fu ll {x,Q} sp ace 
* Note “cu ts” in  {x,Q} sp ace; m an y d ata  p oin t s  ou ts id e th ese cu ts

Data points used  for global PDF f it

Q
CUT



Exten d ed  th eoret ical 
u n d ers tan d in g 

of th e  “h igh er  twis t” region
 wou ld  allow u s  to  in clu d e 

th e wealth  of d ata  
availab le in  th is  region .

Moral



Drell0Yan: Fermilab E866/ NuSea Detector

•  Forward  xF, h igh  m ass  µ- p air  sp ectrom eter
•  Liqu id  hyd rogen  and  d eu teriu m  targets
•  Two accep tance d efin ing m agnets  

(SM0, SM12) 
•  Also used  solid  W, Be, Fe targets

•  Beam  d um p  (4.3m  Cu)
•  Had ron ic absorber (13.4 I0- Cu , C, CH2)
•  Mom entum  analyz in g m agnet  (SM3)
•  Three t rackin g s tat ions  
•  Muon  id en t ifier  wall & 4 th t rackin g

60m  x  3m  x  3m

Donald Isenhower (ACU) DIS'04



E866 quark sea distributions:

Donald Isen how er (ACU) 
DIS'04

Exam ine rat io of 
d eu terium  to 

hyd rogen

Even  for  a “m atu re” analysis , 
new d ata can  have a large im p act



Drell- Yan Cross Section in large x limit

Donald Isen how er (ACU) 
DIS'04

d σ ~  (4 u  +  d ) in  large x lim it
Theory  ov er es tim ates  data in this  lim it

J. C. Webb, et  al.  [NuSea Collaborat ion ], hep - ex/ 0302019



Proton Valence Structure:  d/ u for large x

Pet ra tos  et a l.
n u cl- ex/ 0010011

Donald Isen how er (ACU) 
DIS'04

For  large x, n u clear  b in d in g/ Ferm i 
m ot ion  correct ion s  are im p ortan t

Even  Deu ter ion  h as  large effects

Lots  of m od els  to  ch oose from



Q=  5 GeV
Iron
Gold

from  SLAC- E139

X

Is  a Had ron  s im p ly a sum  of it s  p art s?       The EMC Effect

* *+ ,-+ !
./

0 *+,-+

0 ./

1*+,-+
Measures  the exten t  to wh ich  

nuclei are not  a Σ of free 
nucleons

We're s im p lying p aram eter iz ing our  ignorance





MINERνA (Main  INjector  Exp eRim en t  ν- A)



For  th e global an alys is , 
we p refer  to  red u ce n u clear  

d ata  
to  th e isoscalar  case; 

bu t  th is  red u ct ion  is  n ot  
t r ivial

Moral



Let's  turn to  Neutrino- Induced DIS



ν
eam

Veto
Wall

He Bag He Bag He Bag Lab E
Detectoral i -

ration 
eam

DK5 DK4

DK3-1, 
    TG3

Test 
Beam

Chamber

He Bag

Todd Adams
NuTeV Collaboration

PRL 87:041801 (2001)

He Bag

Could this  be  ev idence  for an heav y  neutral lepton?

Fe Detector

Three µµ 
even ts  

observed

<  0.07 µµ 
even t  

expected

µ

µ

µ

µ

 N
0
?

N0 → µµν  ???

Anom alous µµ even ts  in  Neu tr ino- Ind uced  DIS



  ∆xF3 ~  4  x ( s  - c ) 
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  δxF3 Structure  Function



Can  we m ake the p roblem  go away?
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Kretz er , Olness , Scalise, Thorne, Yang
PRD64: 033003, 2001

Vary h igher twis t  
con tr ibu t ions

Vary µ scale

Vary charm  
m ass



Cou ld  som eth in g 
s t ran ge be 

h ap p en in g with  th e 
h eavy qu arks?

Quest ion?

  ∆xF3 ~  4  x ( s  - c ) 



G.P. Zeller , (NuTeV) et  a l., PRL 8 8 : 0 9 1 8 0 2  (2 0 0 2 ); PRD 6 5 : 1 1 1 1 0 3  (2 0 0 2 )

ν, ν

N

Z /  W

ν, ν / µ±

X

Paschos- Wolfenstein  Relat ion :

R( ,
!*-&N"-&X +(!*-&N"-& X +

! *-&N"&(X +(!*-&N"&'X +

.* 12(sin2/W +

NuTeV 
Res ult: s i n 2

/W
*o n(shell +

!0.2277"0.0031*s ta t +"0.0009 *syst +

s i n 2/W
*o n(shell +!0.2227"0.0004

Standard Model Fit:

LEP EWWG

Electrow eak Mixing Angle  Meas urem ent

A 3 σ d ifferen ce



SOURCE OF UNCERTAINTY Æsin2 �W ÆR� ÆR�

Data Statistics 0.00135 0.00069 0.00159
Monte Carlo Statistics 0.00010 0.00006 0.00010

TOTAL STATISTICS 0.00135 0.00069 0.00159

�e; �e Flux 0.00039 0.00025 0.00044
Energy Measurement 0.00018 0.00015 0.00024

Shower Length Model 0.00027 0.00021 0.00020
Counter Efficiency, Noise, Size 0.00023 0.00014 0.00006

Interaction Vertex 0.00030 0.00022 0.00017
TOTAL EXPERIMENTAL 0.00063 0.00044 0.00057

Charm Production, Strange Sea 0.00047 0.00089 0.00184
Charm Sea 0.00010 0.00005 0.00004

��=�� 0.00022 0.00007 0.00026
Radiative Corrections 0.00011 0.00005 0.00006
Non-Isoscalar Target 0.00005 0.00004 0.00004

Higher Twist 0.00014 0.00012 0.00013

RL 0.00032 0.00045 0.00101
TOTAL MODEL 0.00064 0.00101 0.00212

TOTAL UNCERTAINTY 0.00162 0.00130 0.00272

TABLE I. Uncertainties for both the single parameter sin
2 �W fit

and for the comparison of R� and R� with model predictions.

Largest  m od el 
uncertain ty ar ises  

from  
charm  p rod uct ion  

and   s(x)

Contributions  to  Experim ental Uncertainty

G.P. Zeller , (NuTeV) et  a l., PRL 8 8 : 0 9 1 8 0 2  (2 0 0 2 ); PRD 6 5 : 1 1 1 1 0 3  (2 0 0 2 )

...  relat ive uncertain ty 
is  red uced  for  
com binat ion

s  and  s- bar  d ifference 
can  have large effect



 What is  re lativ e  uncertainty  on PDFs ' ???

u- quark

x

Gluon

x

Previously, s (x) was t ied  to 
u - bar  and  d - bar via kap p a:

&*+ +! %&*+ +! 0
%2*++'%3*++

/

Ques tion : Do we really know 
the s- quark PDF to 5%???
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40  PDF Sets  exp lore 
p aram eter  sp ace

Glu on im p ortan t  for  
Higgs p rodu ct ion

Hi- x behavior  constrained  
by DIS d ata

CTEQ6: Pu m p lin , Stu m p , Hu ston , Lai, Nad olsky, Tung,  JHEP 0207, 012 (2002)

PDF Uncertain ty 
band  com p ared  

to CTEQ6M



 What is  true  uncertainty  on s - quark PDF???
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Warn ing: The Director  General has  
d eterm ined  the band  of PDF's  can  

great ly und eres t im ate the t rue 
uncertain ty
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Cu rves  shown  are exam p les; 
th is  is  not  an  exhau st ive set

40 CTEQ6M   PDF sets Closer  to the t rue error



 Where  does  s (x) com e from ???
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Inclus ive St ructu re Funt ions :

Yield  s(x) in  com binat ion

Must  ext ract  s(x) 
from  under  other  PDF's

F
2   

≅   x (u  +  u  +  d  +  d  +  s  +  s  +  c +  c +  ...)

... we can  do better ...



  Dim uons  are  ideal s ignal o f s (x)

di- muon NuTeV CCFR Combined
Neutrino 5012 5030 10042
Anti- Nu 1458 1060 2518

∗  High  s tat s  & h igh  p recis ion  data
* Best  cons t rain ts  on  s t range quark

M. Goncharov et al., NuTeV Collaboration PRD 64:110226 (2001)

Fragm entat ion
Funct ion

Decay
Dis t r ibu t ion

Charm  Prod uct ion  
cross- sect ion

Di- m uon   
cross- sect ion
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 Global Fit

 P
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CTEQ6M Constrained Mixed Free
CCFR Nu 1.02 0.85 0.79 0.72

CCFR Nu- bar 0.58 0.54 0.59 0.59
NuTeV Nu 1.81 1.70 1.55 1.44

NuTeV Nu- bar 1.48 1.30 1.15 1.13
BCDMS  F2p 1.11 1.11 1.11 1.11
BCDMS  F2d 1.10 1.10 1.10 1.11
H1  96/ 97 0.94 0.95 0.94 0.94
H1  98/ 99 1.02 1.03 1.03 1.03

ZEUS 96/ 97 1.14 1.14 1.14 1.15
NMC F2p 1.52 1.50 1.51 1.49

NMC F2d/ F2p 0.91 0.91 0.91 0.91
1.05 1.07 1.06 1.03

CCFR F2 1.70 1.71 1.81 1.88
CCFR F3 0.42 0.42 0.44 0.42

E605 0.82 0.82 0.82 0.83
NA51 0.62 0.61 0.52 0.52

0.82 0.83 0.82 0.82
E866 0.39 0.40 0.39 0.38

D0  Jets 0.71 0.65 0.70 0.67
CDF Jets 1.48 1.48 1.48 1.47
TOTAL 2173 2144 2142 2133

χ2 /  DOF

MC F2d/ F2p < Q2>

CDF 8 Asym

CTEQ6: J. Pumplin, et al.,  JHEP 0207:012,2002

Reasonable χ2 values
(CTEQ6 did not f it d i- m u on  

data)

More p aram eters , 
lower value of  χ2 

On ly d i- m uon  d ata is  
sensit ive to s(x) !!!

∴

Id ea:  ν and  ν- bar  d ata 
sep arately d eterm ine

s and  s- bar  
d is t r ibu t ions

Total of 1991 data  p oin ts
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s(x) p rop ort ional to ν

ν

N
X

s
c
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W -

s(x) p rop ort ional to ν

* Other d ata set s  are in sensit ive to s(x)

* Cau t ion : ensure quark num ber sum  ru le is  sat isfied

2 dx #s *x +(s *x+ $!0

Sign- selected  beam  sep arates  ν and  ν: Extract  s  and  s



How  good is  the  fit?   (Data -  Theory )/ Theory  Plo ts
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Higher s tat is t ics  for  ν- d ata  ⇒   s t ronger p u ll for  fit
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What does  the  s trange  PDF look like?

s (x) -  s (x)

x  [s (x) -  s (x)]

ν

N
X

s
c

µ

W

##( $,24

5

+ %&*++(%&*++&

'46749544'##($9(4654

General range of the asym m etry

Olness  et  a l.,Eur .Phys .J.C40:145- 156,2005
Kretz er  et  a l., Ph ys.Rev.Let t .93:041802,2004



CCFR
CDHSW F

3

CDF W- asym

dim u on 
data

General range of the asym m etry

CCFR
CDHSW F

3

CDF W- asym{

##( $,24

5

+ %&*+ +(%&*+ +&

'46749544'##($9(4654

 s - s : large uncer tain ty affected  by: 
)  charm  fragm entat ion
)  charm  m ass
)  PDF set

What is  the  range  o f the  s - s  As y m m etry ?



p art icu lar ly the # sum  



 Th at  was  LO

How d o we m ake 
h eavy qu arks  at  NLO???



A Thought Experiment:

What  is  the id eal way to learn  abou t  
quark m asses  and  their  effects  on  a 

p hysical p rocess?

As a theoris ts , I s im p ly run  m y 
calcu lat ion  over  the fu ll range of m ass  

values  from  0 to ∞, 
and  s tud y the behavior . 

Wou ld n 't  it  be great  
if the exp erim en ts  cou ld  d o the sam e???



What's really in the Experimental control room ...

Unfortunately, in  real life, we can 't  vary p aram eters  con t inuously



The   UP   Side

Quark Masses  Sp an  Wid e Dynam ical Range ~  104

u 0.008

d 0.015

s 0.300

c 1.500

b 5.000

t 175 .000

We can 't  vary the quark m ass  con t inuously, bu t  these ` ` notches ''  
on  our con t rol p anel  give us  a lot  of flexibility



The  DOWN   Side

Th eorists w ou ld  m u ch  prefer th at qu ark  
m asses on ly  com e in  2  varieties:

m  =  0:  Massless  case. 
Mass p lays  no d ynam ic role

Well und erstood .

m  =  ∞: In fin ite case. 
Mass Decoup les .

We can  forget  about  th is  object



Production of Heavy Quarks:  The Problem

Heavy Excitat ion  (HE) Heavy Creat ion  (HC)

Quark Channel
s YES
t NO
c ???
b ???

Quark Channel
s NO
t YES
c ???
b ???

If you can't beat 'em, join 'em. 

Which  is  the correct  
p rod uct ion   
m echan ism ?



How to Join without ` ` Double Counting''???

Heavy Excitat ion  (HE) Heavy Creat ion  (HC)

⊗

s ,c,b ,t  

s ,c,b ,t  

Wait  a  m in u te!
Sin ce th e h eavy 
qu ark or igin ally 

cam e from  a  glu on  
sp lit t in g, th ese 
d iagram s  are 

Doub le  Counting

s ,c,b ,t  



How to Join without ` ` Double Counting''???

Heavy Excitat ion  (HE) Heavy Creat ion  (HC)

TOT =  HE +  (HC − SUB)

Form ally , NLO

⊗

Subt ract ion  (SUB)

SUB rem oves  the 
over lap p ing regions  

of p hase sp ace where 
the 

t - ch ann el qu ark is  
collinear  an d  on  shell

collinear  
on - shell

large P
T

off- sh ell



Decompose into (t-channel) 2PI amplitudes:

σ = Σ∞
N=1

   C  (K)N  T  + Non-leading

Hard
scattering
coefficient

Kernel

Target

After reorganization of the infinite sum:

σ ≈ C [1 - (1-Z) K ]-1 Z  [1 - K ]-1 T + C [1 - (1-Z) K ]-1 (1-Z)T

Parton Model Remainder

Wilson Coefficient
(Hard Scatt. σ̂ )

Parton
Distribution

Power
Suppressed

Ingredients of Factorization

Collins, Soper, Sterman. Perturbative QCD, World
Scientific (1989). Collins, in preparation

Wilson Coefficient:

C [1 - (1-Z) K ]-1 ≈ C + C K - C Z K  + ...

Leading Order Next to Leading Order

K Z

K
C Z K  is the subtraction

Wilson Coefficient:
IR safe “hard”

scattering cross section

CCCAll orders result

Z: collinear
projection

T

K

C

A form al p roof 
was const ructed  

by num erous 
group s. 

Th is  p roof was 
exp licit ly extend ed  

to the case of 
m assive quarks   

(Collin s ,1998)

THOUGH 
EXPERIMENT

To keep  th ings  
s im p le, let 's  

consid er  
scat ter ing 

off a  p arton  target . 

There is  a r igorous factoriz at ion  p roof ...



An Exam p le:   How the sep arate p ieces  can  consp ire

σ1 

f1 ⊗ σ 0 

TOT
SUBHC

HE

σ0 

TOT =  HE +  HC − SUB

Exp an d  f(x)= x in  Taylor  Ser ies  abou t  x
0
. 

For  x
0
= 0: f(ε) =  0  +  (ε− 0 ) +  ... =  ε 

For  x
0
= 1: f(ε) =  1  +  (ε− 1 ) +  ... =  ε 

Subt ract ion

Heavy 
Excitat ion

Heavy 
Excitat ion



The Moral

It does n't m atter w hich expans ion po int y ou us e; 
QCD w ill com pens ate  (if y ou go  to  high enough order).

In p ra ctice  ...

w e are  o ften lim ited to  low - order calculations , 
s o  it is  w is e  to  choos e  y our expans ion po int care fully .



 NLO Analy s is : In progres s  ...

Kretzer, Mason, Olness  PRD 65:074010 (2002)

z

A
cc

ep
ta

n
c

e

rapidity

DISCO numerical Fortran program 
available for data analysis

* High er  ord er  d iagram s
* More d ifferen t ial d is t r ibu t ion s
* En cou n ter  :δ(p

T
)   an d    1 / (1 - x)

+

0.0001 0.001 0.01 0.1 1-0.002

0

0.002

0.004

x [s (x) -  s (x)]

x

a sam pling of 
d is t r ibu t ions



Future  Work: Res um m ation o f s o ft gluons  for m as s iv e  proces s es

Nadolsky, Kid onakis , Olness , Yuan: PRD67:074015, 2003

* Uses  CSS Form alism  to resum    Log(q
T
/ Q)

* Uses  ACOT Form alism  to resum     Log(M/ Q)

Sat isfies  ap p rop riate lim its :
q

T
 → Q, obtain  usual p er tu rbat ive resu lt

M → 0, obtain  usual m assless  resu lt
M, q

T
 → 0, obtain  usual Sud akov form

Theoret ical basis  for  NLO Monte Carlo p rogram
... p rovid es  fu ll kinem at ic d escr ip t ion



Sum m ary

* Di- Muon  d ata incorp orated  in  Global fit :
 Provid es  im p ortan t  in form at ion  on  s(x)
 Im p ortan t  for  search  for  "New Physics" s ignals

* NLO Exp erim en tal Dim uon  analysis :
 NLO Exp erim en tal analysis  in  p rogress  (D. Mason)

NLO cod e (DISCO) is  available  (S. Kretz er)

* Need  to consid er  s  ≠ s- bar
 Th is  is  real p rogress!!! We now can  d iscrim inate!

Large uncertan t ies ; m ust  fu lly character iz e effects ; 
includ e NLO
Analysis  in  p rogress  

* Resum m ation  of large logarithm s: 
 Resum m ation  of Log(q

T
/ Q) and  Log(M/ Q) (P. Nad olsky ...)

Thanks to: P. Nad olsky, S. Berge, W. Tung, S. Kretz er , J. Owens ,  S. Kuhlm ann, J. Pum plin , J. Morfin , 

H. Lai,  T.Bolton , P. Spentz ou ris , D. Mason , M. Shaevitz , K. McFarland , U.K. Yang, A. Barz arko



What  is  the s tatus:

) Trem end ous new 
in form at ion  on  s+ s

) s - s : large uncer tain ty
affected  by: 

)  charm  
fragm entat ion

)  charm  m ass
)  PDF set

•  St rong in terp lay 
between  the exis t ing 
exp erim ental 
const rain t s  and  the 
global theoret ical 
const rain t s , p art icu larly 
the # sum  ru le



Conclusions

* Many ou ts tand ing p uz z les, even  with  d ata alread y on  tap e:
 Higher  Twist

Up  and  Down  PDF's  at  large x
Nuclear  correct ions
∆xF

3
ν ~  4x(s- c) 

s inθ
W

* Solving these will p rovid e im p ortan t  in form at ion  
on  p roton  s t ructu re

 
Im p ortan t  for  search  for "New Physics" s ignals

Th is  is  h ow we will m ake p rogress


