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We present a new analysis of the helicity parton distributions of the nucleon. The analysis takes into

account the available data from inclusive and semi-inclusive polarized deep inelastic scattering, as well as

from polarized proton-proton (p-p) scattering at RHIC. For the first time, all theoretical calculations are

performed fully at next-to-leading order (NLO) of perturbative QCD, using a method that allows

incorporation of the NLO corrections in a very fast and efficient way in the analysis. We find evidence

for a rather small gluon polarization in the nucleon, over a limited region of momentum fraction, and for

interesting flavor patterns in the polarized sea.
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Introduction.—The exploration of the inner structure of

the nucleon is of fundamental importance. Of particular

interest is the spin structure of the nucleon, which ad-

dresses questions such as how the nucleon spin is com-

posed of the spins and orbital angular momenta of the

quark and gluons inside the nucleon. In deep inelastic

scattering (DIS) of leptons off polarized nucleons it was

found that surprisingly little of the proton spin is carried by

the quark and antiquark spins [1]. This has triggered much

theoretical progress, and led to new experiments dedicated

to unraveling the proton spin structure. Among them, ex-

periments in polarized proton-proton collisions at the BNL

Relativistic Heavy Ion Collider, RHIC, have recently

opened a new stage in this quest.

The structure of a nucleon in a helicity eigenstate is

foremost described by the (anti)quark and gluon helicity

parton distribution functions (PDFs), defined by
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Here, f
$
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2 " [f%j !x;Q
2 "] denotes the distribution of a

parton of type j with positive [negative] helicity in a

nucleon with positive helicity, having light-cone mo-

mentum fraction x of the nucleon momentum and being

probed at a hard scale Q. The integral !f
1
j!Q

2 " #

R 1
0
!fj!x;Q

2 "dx measures the spin contribution of parton

j to the proton spin, which is one reason why there are

world-wide efforts to extract the !fj!x;Q
2 " from experi-

mental data.

The nonperturbative but universal !fj are accessible in

measurements of double-spin asymmetries,
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for processes characterized by large momentum transfer

and helicity settings&. Taking high transverse momentum

(pT) reactions in polarized p-p scattering as an example,

the cross section at hadron-level schematically reads up to

corrections suppressed by inverse powers of pT:
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The sum runs over all initial partons a, b, with d!!̂ab
the

corresponding partonic cross sections, defined in analogy

with Eq. (2). We note that depending on the experimental

observable, also an additional fragmentation function may

occur in Eq. (3). An equation similar to (3) holds for the

unpolarized cross section d!. The d!!̂ab
depend only on

scales of the order of the hard scale pT
and are hence

amenable to QCD perturbation theory. A consistent NLO

analysis of (3) requires use of NLO partonic cross sections

and scale evolution for the PDFs.

In DIS, an expression analogous to the one in Eq. (3)

holds, except that there is only one PDF. Efforts over the

past three decades have produced extensive data sets for

polarized DIS [2]. Results from semi-inclusive DIS

(SIDIS) [2,3], lN !
lhX, with h an identified hadron in

the final state, have the promise to put individual con-

straints on the various quark flavor distributions in the

nucleon. Recently, the first precise (in part still prelimi-

nary) ALL
measurements from RHIC have emerged [4],

which are expected to put significant constraints on the

helicity gluon distribution, !g!x;Q
2 ", along with results

from lepton-nucleon scattering [5].

This Letter presents the first ‘‘global’’ NLO analysis of

the data from DIS, SIDIS, and RHIC in terms of the
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Introduction.—The exploration of the inner structure of

the nucleon is of fundamental importance. Of particular

interest is the spin structure of the nucleon, which ad-

dresses questions such as how the nucleon spin is com-

posed of the spins and orbital angular momenta of the

quark and gluons inside the nucleon. In deep inelastic

scattering (DIS) of leptons off polarized nucleons it was

found that surprisingly little of the proton spin is carried by

the quark and antiquark spins [1]. This has triggered much

theoretical progress, and led to new experiments dedicated

to unraveling the proton spin structure. Among them, ex-

periments in polarized proton-proton collisions at the BNL

Relativistic Heavy Ion Collider, RHIC, have recently

opened a new stage in this quest.

The structure of a nucleon in a helicity eigenstate is

foremost described by the (anti)quark and gluon helicity

parton distribution functions (PDFs), defined by

 !fj!x;Q
2 " # f$j !x;Q

2 " % f
%
j
!x;Q

2 ":
(1)

Here, f
$
j
!x;Q

2 " [f%j !x;Q
2 "] denotes the distribution of a

parton of type j with positive [negative] helicity in a

nucleon with positive helicity, having light-cone mo-

mentum fraction x of the nucleon momentum and being

probed at a hard scale Q. The integral !f
1
j!Q

2 " #

R 1
0
!fj!x;Q

2 "dx measures the spin contribution of parton

j to the proton spin, which is one reason why there are

world-wide efforts to extract the !fj!x;Q
2 " from experi-

mental data.

The nonperturbative but universal !fj are accessible in

measurements of double-spin asymmetries,

 ALL #
d!!

d!
#
d!
$$ % d!

$%

d!
$$ $ d!

$%
;

(2)

for processes characterized by large momentum transfer

and helicity settings&. Taking high transverse momentum

(pT) reactions in polarized p-p scattering as an example,

the cross section at hadron-level schematically reads up to

corrections suppressed by inverse powers of pT:

 

d!! '
X
ab

Z
dxa

Z
dxb!fa

!xa;Q
2 "!fb!xb

;Q
2 "

( d!!̂ab!xa
; xb; pT

;"s!Q
2 "; pT=Q"

:
(3)

The sum runs over all initial partons a, b, with d!!̂ab
the

corresponding partonic cross sections, defined in analogy

with Eq. (2). We note that depending on the experimental

observable, also an additional fragmentation function may

occur in Eq. (3). An equation similar to (3) holds for the

unpolarized cross section d!. The d!!̂ab
depend only on

scales of the order of the hard scale pT
and are hence

amenable to QCD perturbation theory. A consistent NLO

analysis of (3) requires use of NLO partonic cross sections

and scale evolution for the PDFs.

In DIS, an expression analogous to the one in Eq. (3)

holds, except that there is only one PDF. Efforts over the

past three decades have produced extensive data sets for

polarized DIS [2]. Results from semi-inclusive DIS

(SIDIS) [2,3], lN !
lhX, with h an identified hadron in

the final state, have the promise to put individual con-

straints on the various quark flavor distributions in the

nucleon. Recently, the first precise (in part still prelimi-

nary) ALL
measurements from RHIC have emerged [4],

which are expected to put significant constraints on the

helicity gluon distribution, !g!x;Q
2 ", along with results

from lepton-nucleon scattering [5].

This Letter presents the first ‘‘global’’ NLO analysis of

the data from DIS, SIDIS, and RHIC in terms of the

PRL 101, 072001 (2008)
P H Y S I C A L R E V I E W L E T T E R S

week ending

15 AUGUST 2008

0031-9007=08=101(7)=072001(4)

072001-1

© 2008 The American Physical Society

 DSSV14
Eviden

ce for Polari
zation

of Glu
ons in

the Proton

Daniel
de Florian

* and Rodolf
o Sassot

†

Depar
tament

o de Física
and IFIBA

, Facu
ltad de Cienci

as Exa
ctas y

Natura
les, Un

iversid
ad de Bueno

s Aires
,

Ciudad
Univer

sitaria
, Pabe

llón 1 (1428)
Bueno

s Aires
, Arge

ntina

Marco Stratm
ann

‡

Institu
te for Th

eoretic
al Phy

sics, T
übinge

n Univer
sity, A

uf der
Morgens

telle 14, 72
076 Tübing

en, Ge
rmany

and Physic
s Depa

rtment
, Broo

khaven
Nation

al Lab
orator

y, Upt
on, Ne

w York 11973
, USA

Werner V
ogelsa

ng
§

Institu
te for Th

eoretic
al Phy

sics, T
übinge

n Univer
sity, A

uf der
Morgens

telle 14, 72
076 Tübing

en, Ge
rmany

(Recei
ved 17 April 2

014; p
ublishe

d 2 July 2014)

We discu
ss the i

mpact
of rece

nt high
-statist

ics Rel
ativisti

c Heav
y Ion C

ollider
data on

the det
ermina

tion

of the
gluon

polariz
ation in the proton

in the contex
t of a

global
QCD

analys
is of pol

arized
parton

distrib
utions.

We find eviden
ce for a nonvan

ishing
polariz

ation of glu
ons in the region

of mo
mentu

m

fractio
n and a

t the sc
ales m

ostly p
robed

by the
data. A

lthoug
h infor

mation
from low mome

ntum fractio
ns is

presen
tly lacking

, this f
inding

is sugg
estive

of a si
gnifica

nt con
tributio

n of gluo
n spin to the pro

ton spin,

thereb
y limitin

g the amoun
t of or

bital a
ngular

mome
ntum require

d to balanc
e the proton

spin budget
.

DOI: 1
0.1103

/PhysR
evLett

.113.0
12001

PACS
numbe

rs: 13.
88.+e,

12.38.
Bx, 13

.60.Hb
, 13.85

.Ni

Introd
uction

.—The gluon
helicit

y distrib
ution

functio
n

ΔgðxÞ
of the proton

has long been
recogn

ized as a

fundam
ental

quanti
ty charac

terizin
g the inner

structu
re

of the
nucleo

n. In particu
lar, its

integra
l ΔG≡

R 1
0
dxΔgðx

Þ

over all gluon
mome

ntum
fractio

ns x may in Aþ ¼ 0

light-c
one gauge

be interpr
eted as the gluon

spin contri-

bution
to the proton

spin [1]. As such,
ΔG is a key

ingred
ient to

the proton
helicit

y sum rule

1

2
¼
1

2
ΔΣþ ΔGþ Lq þ Lg;

ð1Þ

where
ΔΣ denote

s the c
ombin

ed quark
and antiqu

ark spin

contrib
ution

and Lq;g
are the quark

and gluon
orbital

angula
r mome

ntum
contrib

utions.
For simpli

city, we

have omitte
d the renorm

alizatio
n scale

Q and schem
e

depend
ence of all

quanti
ties.

It is well known
that the quark

and gluon
helicit

y

distrib
utions

can be probed
in high-e

nergy
scatter

ing

proces
ses with polariz

ed nucleo
ns, allowin

g access
to

ΔΣ and ΔG. Experi
ments

on polariz
ed deep

inelast
ic

lepton
-nucle

on scatter
ing (DIS)

perform
ed since

the late

eightie
s [2] h

ave shown
that re

latively
little of the

proton

spin is carried
by the quark

and antiqu
ark spins,

with a

typical
value

ΔΣ ∼ 0.25 [2–4]. T
he inclusi

ve DIS mea-

sureme
nts hav

e, how
ever, v

ery little sensiti
vity to gluons

.

Instead
, the best p
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of Δg are offered

by polariz
ed

proton
-proton
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ilable
at the
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ns, in
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ron produc

tion at high
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ceive s
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from
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ing, hence,
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g a
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are used.
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ed by the RHIC
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was found
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ther

recent
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es of nucleo
n spin structu

re [4] did not
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e RHIC

data; a
s a result

Δg was left lar
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Since
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the data from RHIC

have v
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w results
from the 200
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6,7] at
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in mind that, in
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jets
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ing, th
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y sugg
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de the
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might
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e, new
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Introduction.—The exploration of the inner structure of

the nucleon is of fundamental importance. Of particular

interest is the spin structure of the nucleon, which ad-

dresses questions such as how the nucleon spin is com-

posed of the spins and orbital angular momenta of the

quark and gluons inside the nucleon. In deep inelastic

scattering (DIS) of leptons off polarized nucleons it was

found that surprisingly little of the proton spin is carried by

the quark and antiquark spins [1]. This has triggered much

theoretical progress, and led to new experiments dedicated

to unraveling the proton spin structure. Among them, ex-

periments in polarized proton-proton collisions at the BNL

Relativistic Heavy Ion Collider, RHIC, have recently

opened a new stage in this quest.

The structure of a nucleon in a helicity eigenstate is

foremost described by the (anti)quark and gluon helicity

parton distribution functions (PDFs), defined by

 !fj!x;Q
2 " # f$j !x;Q

2 " % f
%
j
!x;Q

2 ":
(1)

Here, f
$
j
!x;Q

2 " [f%j !x;Q
2 "] denotes the distribution of a

parton of type j with positive [negative] helicity in a

nucleon with positive helicity, having light-cone mo-

mentum fraction x of the nucleon momentum and being

probed at a hard scale Q. The integral !f
1
j!Q

2 " #

R 1
0
!fj!x;Q

2 "dx measures the spin contribution of parton

j to the proton spin, which is one reason why there are

world-wide efforts to extract the !fj!x;Q
2 " from experi-

mental data.

The nonperturbative but universal !fj are accessible in

measurements of double-spin asymmetries,
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(2)

for processes characterized by large momentum transfer

and helicity settings&. Taking high transverse momentum

(pT) reactions in polarized p-p scattering as an example,

the cross section at hadron-level schematically reads up to

corrections suppressed by inverse powers of pT:

 

d!! '
X
ab

Z
dxa

Z
dxb!fa

!xa;Q
2 "!fb!xb

;Q
2 "

( d!!̂ab!xa
; xb; pT

;"s!Q
2 "; pT=Q"

:
(3)

The sum runs over all initial partons a, b, with d!!̂ab
the

corresponding partonic cross sections, defined in analogy

with Eq. (2). We note that depending on the experimental

observable, also an additional fragmentation function may

occur in Eq. (3). An equation similar to (3) holds for the

unpolarized cross section d!. The d!!̂ab
depend only on

scales of the order of the hard scale pT
and are hence

amenable to QCD perturbation theory. A consistent NLO

analysis of (3) requires use of NLO partonic cross sections

and scale evolution for the PDFs.

In DIS, an expression analogous to the one in Eq. (3)

holds, except that there is only one PDF. Efforts over the

past three decades have produced extensive data sets for

polarized DIS [2]. Results from semi-inclusive DIS

(SIDIS) [2,3], lN !
lhX, with h an identified hadron in

the final state, have the promise to put individual con-

straints on the various quark flavor distributions in the

nucleon. Recently, the first precise (in part still prelimi-

nary) ALL
measurements from RHIC have emerged [4],

which are expected to put significant constraints on the

helicity gluon distribution, !g!x;Q
2 ", along with results

from lepton-nucleon scattering [5].

This Letter presents the first ‘‘global’’ NLO analysis of

the data from DIS, SIDIS, and RHIC in terms of the
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Introd
uction

.—The gluon
helicit

y distrib
ution

functio
n

ΔgðxÞ
of the proton

has long been
recogn

ized as a

fundam
ental

quanti
ty charac

terizin
g the inner

structu
re

of the
nucleo

n. In particu
lar, its

integra
l ΔG≡

R 1
0
dxΔgðx

Þ

over all gluon
mome

ntum
fractio

ns x may in Aþ ¼ 0

light-c
one gauge

be interpr
eted as the gluon

spin contri-

bution
to the proton

spin [1]. As such,
ΔG is a key

ingred
ient to

the proton
helicit

y sum rule

1

2
¼
1

2
ΔΣþ ΔGþ Lq þ Lg;

ð1Þ

where
ΔΣ denote

s the c
ombin

ed quark
and antiqu

ark spin

contrib
ution

and Lq;g
are the quark

and gluon
orbital

angula
r mome

ntum
contrib

utions.
For simpli

city, we

have omitte
d the renorm

alizatio
n scale

Q and schem
e

depend
ence of all

quanti
ties.

It is well known
that the quark

and gluon
helicit

y

distrib
utions

can be probed
in high-e

nergy
scatter

ing

proces
ses with polariz

ed nucleo
ns, allowin

g access
to

ΔΣ and ΔG. Experi
ments

on polariz
ed deep

inelast
ic

lepton
-nucle

on scatter
ing (DIS)

perform
ed since

the late

eightie
s [2] h

ave shown
that re

latively
little of the

proton

spin is carried
by the quark

and antiqu
ark spins,

with a

typical
value

ΔΣ ∼ 0.25 [2–4]. T
he inclusi

ve DIS mea-

sureme
nts hav

e, how
ever, v

ery little sensiti
vity to gluons

.

Instead
, the best p

robes
of Δg are offered

by polariz
ed

proton
-proton

collisio
ns ava

ilable
at the

BNL Relativ
istic

Heavy
Ion Collid

er (RH
IC) [5

]. Seve
ral pro

cesses
in pp

collisio
ns, in

particu
lar jet

or had
ron produc

tion at high

transve
rse mo

mentu
m pT, re

ceive s
ubstan

tial con
tributio

ns

from
gluon-

induce
d hard scatter

ing, hence,
openin

g a

windo
w on Δg when

polariz
ed proton

beams
are used.

The fir
st roun

d of resu
lts pro

duced
by RHIC

until 2
008

[5] were combi
ned with data from inclusi

ve and semi-

inclusi
ve DIS in a next-to

-leadin
g order

(NLO)
global

QCD analys
is [3],

hereaf
ter refe

rred to
as “DS

SVanalys
is”.

One of
the ma

in results
of that

analys
is was

that th
e RHIC

data—
within

their u
ncertai

nties a
t the ti

me—did not sho
w

any eviden
ce of a
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ation of gluo

ns insi
de the

proton
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In fact, th
e integra

l of Δg
over th

e region
0.05 ≤ x ≤ 0.2
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ntum

fractio
n primar

ily access
ed by the RHIC

experi
ments

was found
to be very close

to zero. O
ther

recent
analys

es of nucleo
n spin structu

re [4] did not

fully includ
e RHIC

data; a
s a result

Δg was left lar
gely

uncons
trained
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Since
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is [3],
the data from RHIC

have v
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ed. Ne

w results
from the 200
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6,7] at
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of-
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energy
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errors
across
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is will
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nd may extend
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of x over w
hich meanin

gful co
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ts can
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A strikin
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at the S

TAR jet data
[6] now
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t

a doub
le-spin

asymm
etry ALL

that is
clearly

nonvan
ishing

over th
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e 5≲ pT ≲ 30 GeV, i

n contra
st to the

previo
us resu

lts. Ke
eping

in mind that, in
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gime,
jets

are primar
ily produc
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gluon

and quark-
gluon
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ing, th

is imm
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y sugg
ests th

at gluo
ns insi

de the

proton
might

be pola
rized. A
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me tim

e, new
PHEN
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data fo
r π

0 produc
tion [7] stil

l do not sho
w any signifi

cant
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etry, an

d it is of
course

import
ant to

reveal
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the two data sets pr
ovide

compa
tible inform

ation.
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ess the
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of the
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Motivation:

update to assess the impact of run9

STAR jet data favor larger �g
conciliated with PHENIX pi0 preference 

(rapid Q2 evolution)

Compass SIDIS asymmetries included

SIDIS multiplicities (FFs) not yet available

Compass vs. Hermes controversy

tension?
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instead of MRST04!!!
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Motivation:
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:  bias from DSS07 FFs ?
consistency with W data ?

�q

 FFs update DSS17

       FFs update DSS18h±

⇡±

K±

STAR run11-12 Ws:

Belle, BaBar          , Final Hermes & Compass SIDIS, pp e+e�

       NNPDF3.0 based variant of DSS
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PHENIX run9 A⇡±

LL

anything else “relevant” before EIC?
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 DSS FFs updates:
 W-data upgrade: anything left?   W/Z?

preliminary



update of DSSV ongoing,  plenty of new data, improved input FFs PDFs

gluon polarization slightly larger, much better constrained

jet and hadro-production in pp collisions agree

dijets unveil the shape of    

 updated FFs have a negligible effect on sea quarks best fits

&        in good shape,        still a puzzle�u �d �s

�g

Summary:


