
M
R

S
T

/M
S

T
W

P
arton

D
istributions

for
the

LH
C

R
obert

T
horne

February
22nd,2008

U
niversity

C
ollegeLondon

R
oyalS

ociety
R

esearch
Fellow

P
D

F
4LH

C
M

S
T

W



T
he

generalprocedure
of

the
M

R
S

T
/M

S
T

W
group

is
to

revolve
partons

upw
ards

using
N

LO
(or

N
N

LO
)

D
G

LA
P

equations,and
¯t

all
relevantdata

for
scalesabove

»
2G

eV
2.

N
eed

m
any

di®
erenttypes

of
experim

entfor
fulldeterm

ination.

H
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F
e

+
p
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(x;Q
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1996-97m
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2
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2
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2)
1998-99
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Q
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S
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e
+
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w
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high
Q

2.
H

1
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Z
E
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F
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2
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F
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F
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¹p2
(x;Q
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¹d2

(x;Q
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m
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x.

B
C

D
M

S
F

¹p2
(x;Q

2);F
¹d2

(x;Q
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S
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F
¹p2

(x;Q
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¹d2
(x;Q

2)
large

x.

C
C

F
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F
º

(¹º)p
2

(x;Q
2);F

º
(¹º)p

3
(x;Q

2)
large

x
,

singlet,valence.

E
605,

E
866

pN
!

¹
¹¹

+
X

large
x

sea.

E
866

D
rell-Yan

asym
m

etry¹u;
¹d

¹d¡
¹u.

C
D

F
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m

etryu=
d
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Q
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x
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 10 4 G
eV
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g/10

u
d

s
c

T
his

procedureis
generallysuccessful

and
is

part
of

a
large-scale,ongoing

project.

R
esultsin

partons
ofthe

form
show

n.

A
llhadron

collider( H
E

R
A

,T
evatron,

LH
C

)
cross-sections

rely
on

our
understandingof

these
partons.

D
ick

R
oberts

retired
from

projectand
in

2006
G

raem
eW

att
joined.
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Interm
ediate

U
p

date
at

N
N

LO

0

0.25

0.5

0.75 1

1.2510
-4

10
-3

10
-2

10
-1

x

N
N

LO

M
R

S
T

2001N
LO

xu(x,Q
2=

20G
eV

2)

R
ecentlyupdated

partons
atN

N
LO

-
o±

cially
M

R
S

T
06.

F
it

to
sam

edata
as

M
R

S
T

04.

P
reviously

only
central

values.
N

o
N

N
LO

partons
w

ith
uncertainties

due
to

experim
entalerrors.

S
am

e
procedure

as
before

{
15

eigenvector
sets

of
partons

and
¢

Â
2

=
50

for
90%

con¯dence
lim

it.

E
xam

ple,
u(x;Q

2)
at

N
N

LO
com

pared
to

N
LO

.

S
ize

of
uncertaintiessim

ilar
to

at
N

LO
.

A
t

sm
all

x
e®

ectof
coe±

cient
functions,

particularly
C

2;g (x;Q
2),

im
portant.

C
hange

from
N

LO
to

N
N

LO
greater

than
uncertainty

in
each.S

im
ilar

for
otherpartons.
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-0.15

-0.1

-0.05 010
-4

10
-3

10
-2

10
-1

x

xc(x,Q
2=

2.045G
eV 2)

S
econdreasonfor

interm
ediateupdate

of
N

N
LO

partons
due

to
im

provem
ent

to
previous

approxim
ate

treatm
ent

of
heavy

°avour,
i.e.

a
m

uch
im

proved
G

eneral
M

ass
V

ariable
F

lavour
N

um
b

er
S

chem
e

at
N

N
LO

.

In
reality

at
N

N
LO

heavy
°avour

no
longerturns

on
from

zero
at

¹
2

=
m

2c

(c
+

¹c)(x;m
2c )

=
A

(2)
H

g (m
2c )


g(m

2c )

In
practice

turns
on

from
negativevalue

(for
generalgluon).

A
lso,

previous
approxim

ation
had

no
O

(®
3S )

heavy
quark

coe±
cient

functions.

N
ow

m
odelled

using
high

and
sm

all- x
lim

its.
A

dditionalpositive
contribution

at
low

Q
2.
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2
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3
Q
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eV

2)

F
c2 (x,Q

2)
x=

0.005

N
N

LO
F

c2 (x;Q
2)

starts
from

higher
value

at
low

Q
2.

A
t

high
Q

2
dom

inatedby
(c

+
¹c)(x;Q

2).
T

his
has

started
evolving

from
negative

value
at

Q
2

=
m

2c .
R

em
ainslow

er
than

at
N

LO
for

sim
ilar

evolution.

G
eneraltrend

{
F

c2 (x;Q
2)

°atter
in

Q
2

at
N

N
LO

than
at

N
LO

.
Im

portant
e®

ect
on

gluon
distribution

going
from

one
to

other.
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0.0002
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5x=
0.0005

i=
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x=
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x=
0.005

i=
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x=
0.013

i=
1

x=
0.032

i=
0

Q
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2

F2
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_
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H
1 D

ata
Z

E
U

S
 (prel.) 39 pb -1

M
R

S
T

04
M

R
S

T
 N

N
LO

C
T

E
Q

6H
Q

H
V

Q
D

IS
 +

 C
T

E
Q

5F
4

G
ood

com
parison

to
both

H
1

and
Z

E
U

S
data

on
F

b2 (x;Q
2)

T
he

di®
erencein

the
N

LO
predictions

from
M

R
S

T
and

C
T

E
Q

is
due

to
details

of
de¯nition

of
V

F
N

S
near

threshold.

B
oth

V
F

N
S

curves
for

m
b

=
4:3G

eV
.

S
hould

be
corrected

to
m

b
=

4:75G
eV .

Low
ers

both
prediction

slightly,
particularly

at
low

Q
2.
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10
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x

0.95 1

1.05

Ratio of NNLO to MRST2004NNLO

10
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10
-3

10
-2

10
-1

x

0.95 1

1.05

Ratio of NNLO to MRST2004NNLO

G
luon

U
p quark

Q
2 =

 10 4 G
eV

2

Q
2 =

 10 4 G
eV

2

C
hange

in
partons

greater
than

uncertainty
in

m
any

places.
C

orrect
heavy°avour

treatm
entvital.

R
equireslargercoupling

for
increased

evolution
{

®
S (M

2Z
)

=
0:119.

!
biggergluon

and
m

ore
evolution

of
light

sea.

!
6%

increasein
¾

W
and

¾
Z

at
the

LH
C

.

W
ith

hindsightthis
and

C
T

E
Q

result
are

correctionsnot
uncertainty.

V
ery

im
portant

changesnonetheless.
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 fit
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N
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 fit
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 fit
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-1

x

Q
2=

100 G
eV 2

Instability
in

physical,
gluon

dom
inated,quantity

F
L (x;Q

2)
going

from
LO

!
N

LO
!

N
N

LO
.

G
luon

at
N

LO
!

F
L (x;Q

2)
dangerouslysm

allat
sm

allestx;Q
2.

N
ote

very
large

e®
ectofexact N

N
LO

coe±
cient

function.

P
ossible

sign
of

required
ln(1

=
x)

corrections.

S
im

ilar
problem

s
possible

for
charm

and/or
bottom

production,and
low

-
m

ass D
rell-Yan

(°)
production

at
the

LH
C

.
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N
oted

an
instability

in
physical,gluon

dom
inated,quantity

F
L (x;Q

2)
going

from
LO

!
N

LO
!

N
N

LO
.

Im
proved

by
next-to-leading

ln(1
=

x)
resum

m
ation

in
the

global
¯t

and
prediction

( W
hite,R

T
).

H
E

R
A

analysis
of

F
L (x;Q

2)
w

ill
hopefully

help
us

to
determ

ine
best

theoreticalapproach.
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M
ost

recent
U

p
dates

-
changein

de¯nition
of

®
S .

V
ariations

in
®

S
de¯nitions

show
n

at
H

E
R

A
-LH

C
2005

W
orkshop

by
W

halley.
N

one
w

rong
(exceptat

very
high

Q
2

m
aybe)

just
di®

erentchoices.

O
ld

M
R

S
T

prescriptionunw
ieldyin

term
s

of°avourthresholds,particularly
at

N
N

LO
.

M
S

T
W

now
use

sam
e

de¯nition
as

Q
C

D
N

U
M

.
E

®
ectivelyinput

®
S (Q

20 )
rather

than
¤

Q
C

D
.
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 0.1  1

 10

 1
 10

 100

xF3(x,Q2)

Q
2 (G

eV
/c) 2 x=

0.08

(x40)
x=

0.015

x=
0.045

(x1.2)

(x2)

(x3.5)

(x1.5)

(x12)

(x6)

x=
0.125

x=
0.175 

x=
0.225

x=
0.275

x=
0.35

x=
0.45

x=
0.55

x=
0.65

x=
0.75

N
uT

eV
C

C
F

R
 97

C
D

H
S

W
N

uT
eV

 fit

N
ew

D
ata

N
ew

N
uTeV

data
not

com
pletely

com
patiblew

ith
the

older C
C

F
R

data.

M
ain

source
of

discrepancy
is

calibration
of

m
agnetic

¯eld
m

ap
of

m
uon

spectrom
eter !

m
uon

energy
scale.

H
ow

ever,previousparton
distribution

¯ts
w

ere
perfectly

com
patible

w
ith

C
C

F
R

data
using

E
M

C
inspired

Q
2

independentnuclear
correction
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N
ow

im
plem

entfar
m

ore
sophisticatednuclear

correction
D

e
F

lorian,S
assot.E

xtracted
using

N
LO

partons.

0.01
0.1

1
x

0.9

0.95 1

1.05

1.1

Rf(x, Q
2
, A = 56)

R
A

T
F

E
U

V
D

V
U

B
A

R
D

B
A

R
S

T
R

A
N

G
E

G
LU

O
N

solid: Q
2=

2 G
eV

2, dotted: Q 2=
20 G

eV 2, dashed: Q 2=
100 G

eV 2

S
am

egeneralshape
as

before.
A

llow
»

3%
uncertainty

on
corrections.C

annotm
atch

high
x

N
uTeV

data.
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 =
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 =
 C

C
F

R
 =

 C
D

H
S

W

 0.2

 0.4

 0.6
x=

0.020

(C
D

H
S

W
 x=

0.015)

(C
C

F
R

 x=
0.018,0.025)

 0.4

 0.6

x=
0.045

(C
C

F
R

 x=
0.035,0.050)

 0.4

 0.6

 0.8
x=

0.080
(C

C
F

R
 x=
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 0.6
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x=
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(C
C

F
R

 x=
0.110,0.140)

 0.6

 0.8

x=
0.175

(C
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F
R

 x=
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 0.80.1
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Q
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x=
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x=
0.350
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x=
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 0.3
x=
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 0.20.1
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100200

Q
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x=
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C
H

O
R

U
S

data
also

consistent
w

ith
C

C
F

R
(lead

not
iron).

Inconsistenciesat
high

x.

P
artons

in
region

of
high

x
already

w
ell-determ

ined
from

charged
lepton

structure
functions.

Im
portant

inform
ation

in
the

region
x

<
0:3,

e.g.
low

x
valence

quarks
-

generalconsistencyhere.

C
hoose

to
cut

neutrino
structure

function
data

for
x

¸
0:5.

A
lso

C
H

O
R

U
S

data
at

low
er

W
2.

F
3 (x;Q

2)
expected

to
have

larger
higher

tw
ist

corrections
than

F
2 (x;Q

2),
w

hich
w

e
observe.C

ut
for

W
2

·
20G

eV
2.
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C
C

F
R

/N
uTeV

dim
uon

cross-sections
and

strange
quarks

d¾
dxdy

(º
¹ (¹º

¹ )N
!

¹
+

¹
¡

X
)

=
B

c N
A

d¾
dxdy

(º
¹ s(¹º

¹ ¹s)
!

c¹
¡

(¹c¹
+

)X
);

B
c

=
sem

ileptonicbranching
fraction

N
=

nuclear
correction

A
=

acceptancecorrection.

º
¹

and
¹º

¹
cross-sectionsprobe

s
and

¹s
(sm

allm
ixing

w
ith

d
and

¹d).

H
ave

previouslyindirectly
used

C
C

F
R

data
to

param
eterisestrange

according
to

s(x;Q
20 )

=
¹s(x;Q

20 )
=

·2
[¹u(x;Q

20 )
+

¹d(x;Q
20 )]

·
¼

0:5

N
ow

¯t
strangedirectly

ratherthan
assum

ingsam
eshape

as
averageof

¹u
+

¹d
at

input
and

som
e¯xed

fraction.

A
lso

allow
possibility

of
s(x;Q

20 )
6=

¹s(x;Q
20 ).
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M
ake

de¯nitions
at

input

s
+

(x;Q
20 )

´
s(x;Q

20 )
+

¹s(x;Q
20 )

=
A

+
(1

¡
x) ´

+S
(x;Q

20 )

s
¡

(x;Q
20 )

´
s(x;Q

20 )
¡

¹s(x;Q
20 )

=
A

¡
(1

¡
x) ´

¡x
¡

1+
±

¡(1
¡

x=
x

0 )

w
here

S
(x;Q

20 )
is

the
total

sea
distribution.

E
xpect

low
-x

shape
the

sam
e

but
norm

alisation
suppressedby

m
asse®

ects(cf
charm

and
bottom

).

x
0

is
determ

inedby
zero

strangenessof
proton,i.e.

Z
1

0
dx

s
¡

(x;Q
20 )

=
0:

C
om

pared
to

s
=

¹s
=

(¹u
+

¹d)=4
letting

s
+

free,
s

¡
=

0
!

¢
Â

2
»

¡
15

w
ith

im
provem

entm
ainly

in
dim

uon
data.

Letting
both

s
+

free
and

s
¡

free
!

¢
Â

2
»

¡
30

w
ith

im
provem

enteven
m

ore
restricted

to
dim

uon
data.

N
o

realim
provem

entw
ith
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=
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 =
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un II inclusive jet data, 
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LO
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.
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Q
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=

1G
eV

2
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negative

and
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all

x
contributions.V

ery
°exible.

R
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at
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A
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S
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{
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x

¡
¸
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U
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due
to

uncertainty
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gluonsinput
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Q
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=
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B
ehavelike
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¸
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allx
w
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¸
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positive.Inputgluon
valence-like.
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E
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from

steepgluon
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gluon
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range
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2
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all).
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{
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allabsoluteerror.
A

t
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2
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w
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inedgluon.
V
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m
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than
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S
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m
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of
U

p
dates.

Im
plem

ented
all

new
data

at
both

N
LO

and
N

N
LO

.
F

it
very

good
in

both
cases

though
N

LO
better

for
som

edata
sets.

O
btain

®
S (M

2Z
)

=
0:1197

at
N

LO
and

®
S (M

2Z
)

=
0:116

at
N

N
LO

{
new

data
and
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de¯nition
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ervalue.F
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m
c

=
1:4G
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ole
m

ass).

T
w

o
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s
+
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o
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s
¡
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2).

A
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com
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w

hilst
m
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for
eigenvectors,
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!

m
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allx.
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20
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Â
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=
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rough
generalrule
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ow
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e
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s

¡
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2).
D
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de¯nition
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later
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att).
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m
ain
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w
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data
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and
how

m
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production
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=
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ow

ever,large
changein

quark-gluon
(and

quark-quark)
contributions

at
N

N
LO

due
to

1=
z

divergencesin
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m
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easurem
entscan

be
m

ade?

P
D

F
4LH

C
M

S
T

W
51



C
onclusions

N
N

LO
partons

existnow
.

P
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=
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