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Motivation

1.3 p—— A AR anane e e Ranne
VWhat are nuclear parton density functions (nPDF) ¢ e aly e
parton densities for partons in bound proton & neutron . L L }
SN ST
Sty il
0.9 s < .
~.§\. o P
0.8 1 % ]
Where are nuclear parton density functions useful ? 07 b L |
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X

|. Strange quark content of the proton

(anti-)strange PDF from (anti-)neutrino DIS with heavy nuclel - nuclear effects important

e - 0.245

NuTeVo1 NuTeVo1  Global EW fit
+NNPDF1.2[S]
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e} ‘A 0.225
e 0.22

0.215

W~-boson production @ LHC weak mixing angle from

NuTeV experimenJr

2. Heavy ion collisions @ RHIC, LHC

lead & gold heavy nuclei - nuclear effects in gluon PDF substantial
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nPDF REVIEW

Review of existing global analyses of nuclear PDF

[. Multiplicative nuclear correction factor
sz(ZCN, Q(Z)) 3 RZ(ZUN, Q07 A7 Z)fz(f,UN, Q(2))
bound parton density tree parton density

Hirai, Kumano, Nagai [PRC76(2007)065207] arXiv: 0709.0338
Eskola, Paukkunen, Salgado [JHEP0904(2009)065] arXiv: 0902.4154
de Florian, Sassot, Stratmann, Zurita [PRD85(2012)074028]arXiv: 1112.6324
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nPDF REVIEW

Review of existing global analyses of nuclear PDF

[. Multiplicative nuclear correction factor
sz(xNa Q(%) 3 RZ(ZUN, QO7 A7 Z)fz(f,UN, Q(2))
bound parton density tree parton density

Hirai, Kumano, Nagai [PRC76(2007)065207] arXiv: 0709.0338
Eskola, Paukkunen, Salgado [JHEP0904(2009)065] arXiv: 0902.4154
de Florian, Sassot, Stratmann, Zurita [PRD85(2012)074028]arXiv: 1112.6324

2. Native nuclear PDF

bound panLon denshLy free pamLOn denshLy
nCTEQ [PRD80(2009)094004] arXiv: 0907.2357
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nPDF review

Review of existing global analyses of nuclear PDF

HIRAI, KUMANO, NAGAI'07 [PRC76(2007)065207]

LO, NLO, ERROR PDFS

uses multiplicative factor

sz<CBN, Q(Q)) == RZ(:ENa QO)A7 Z)f2<$N7 Q%)

where proton PDF in MRST 1998 and factor
1 ) a; + b;x + c;x? + d;x?
A«

(1 —x)P
includes all current DIS & DY data set (same as our analysis

Ri(QZ,A, Z) =1+ (1 —

neglects region x> |

- discussed later)

use Hessian method to produce error PDFs

[ R(data) — R(theory) ]/ R(theory)

2
X /dof = 1.2

i

]

0.2

=

© EMC e NMC a E139 o E665

. del R0 oy

Fo 02
0.2 0.2
o NMC = BCDMS
o 4 E® Fagd %fdi - HERMES % ?
e ety ket
He/D N/D % .
-0.2 -0.2 T
> s NMC { - A E139 v E49p B
0 2558 EE 0- ?ifixj;ﬂg
Li/D } AUD l
-0.2 .02 ‘
7 + E139 02 e s Ei» %
« NMC o E665
0- i aghih 0- - sc}'% é’"% - "-é"i?i
Be/D Ca/D
-0.2 ; . -0.2 ; .
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nPDF review

Review of existing global analyses of nuclear PDF

ESKOLA, PAUKKUNEN, SALGADO'09 [|HEP0904(2009)065]

LO, NLO, ERROR PDFS
uses multiplicative factor
iz, QF) = Ri(zn, Qo, A, Z) fi(zn, Q)

where proton PDF in CTEQ6.IM and factor is a
complicated piecewise defined function

ag + (a1 +asx)(e ™ —e %) x < x,
RZ(ZC,A,Z) =3I b0—|—b133—|—b2332—|—b3333 Tehs 8 s
L co+(c1 —coz)(1—x)7F 0 f Hh

with A-dependent parameters

neglects region x> |

includes all current DIS & DY data set & 7° RHIC data to

constrain gluon

use Hessian method to produce error PDFs

(,0°=1.69 GeV?)

C
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nPDF review

Review of existing global analyses of nuclear PDF

DE FLORIAN, SASSOT, STRATMANN, ZURITA [PRD85(2012)074028]

LO, NLO, ERROR PDFS 3
12 :"""“Tl_"”'r“"l_v"""”"‘l_""“ﬂ'
uses multiplicative factor RA | Q' =10GeV* 1

AN, Q3 = Ri(zn, Qo, A, Z2) filzn, Q2)  osf —wmsn IF ’

where proton PDF in MSTWO08 and factor is a
complicated function different for each flavour

R (2 Q%) = e 2% (1 — z)™ (1+e2(1— x)BQ) X
x (14 ay(1 —z)")

Ead i@ LE
€7 as+1

00 = R (2, Q0) =

1+ a,x%s
RA % :RA 2 6_9 g
g(vaO) v(waQO) &1 ag""]-

includes all current DIS & DY data set & 7° RHIC data |
0.6 Lopud vl vl o

and F2’/A from neutrino data 10T AT 0 X, 10'310'210')1(N 10'310'210 108 {05 CI0E

use Hessian method to produce error PDFs \‘(IT
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CTEQ framework for nuclear PDF - based on CTEQ6M proton fit
functional form for bound protons same as for free proton PDF (restrict x to 0<x<1)
75 il ) = @gar (11 g el ) k=ty,dy,g,0+d,s,5
d(z, Qo)/a(®, Qo) = coz® (1 — ) + (1 + caz)(1 — )™
coefficients with A-dependance (reduces to proton for A=1)

Ck —>Ck(A) EC]@,Q—I-Ck,l (1—14_6"”2), k:{l,...,5}

proton coefficients Cx,0 fixed to special CTEQ6M fit without much of nuclear data

PDF for a nucleus with A-nucleons out of which Z-protons

/2% = n
147(0,Q) = 2 7%(,Q) + 222 1114(2,Q)

Input scale and other input parameters as in CTEQ6M proton analysis
Qo = m. = 1.3GeV my = 4.5 GeV as(myz) = 0.118

Kinematic cuts on data
Q > 2GeV W > 3.5GeV

nCTEQ [PRD80(2009)094004] arXiv: 0907.2357 L\‘(IT
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Experiments included in the analysis

Charged lepton
Deep Inelastic Scattering Drell-Yan process
l/
l p i
v

25T i

4 ==l LAmnIe u

[+ N —-1I'+X p+N—-uTu +X

CERN BCDMS & EMC & NMC
N = (D, Al, Be, C, Ca, Cu, Fe, Li, Pb, Sn, W)

FNAL E-665 DESY Hermes
N = (D,C,Ca,Pb,Xe) N = (D,He,N,Kr)

SLAC E-139 & E-049
N = (D, Ag, Al, Au, Be, C, Ca, Fe, He)

FNAL E-772 & E-886
N = (D, C, Ca, Fe, W)

| 233 data points (708 dfter cuts)

NOT (YET) INCLUDED

Neutrino
Deep Inelastic Scattering

[

vV
v

N =——of E}X
\_/
T———
v(it)+ N -1+ X

CCFR & NuTeV
N = Fe

CHORUS
N =Pb

Single pion production

RHIC - PHENIX & STAR\
v—au ANCIT
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F4 /FD .
Observable | Experiment # data
NPDF fit properties: D NMC-07 275
He/D SLAC-E139 18
- S NMC-95, 16
we fit nuclear data with NLO QCD predictions v i
| Li/D NMC-95 15
we include heavy quark effects (ACOT) Be/D SLAC-E139 17
C/D EMC-88 9
applied standard CTEQ kinematical cuts Q>2GeV & W>3.5GeV s IO :
NMC-95,re 16
NMC-95 15
s FNAL-E665-95 4
Fo/Fy , N/D BCDMS-85 9
Observable | Experiment | # data e 92
. Be/C NMC-96 15| Al/D SLAC-E049 18
NPDF ﬂ-t reSUH:S. Al/C NMC-96 15 SLAC-E139 17
Ca/C Eﬁg-% 20| Ca/D EMC-90 P
' -96 15 SLAC-E139 7
708 (1233) data points after (before) cuts Fo/C Rt it s syota ity I
Sn// % Eﬁg-% 144 FNAL-E665-95 4
£ Pb -96 15 | Fe/D BCDMS-85 6
| 7 free parameters - 69| degrees of freedom o S e S ko iy o
overall X /dof = 0.87 [Total | [ 279 SLAC-E139 23
SLAC-E140 6
1 rae : Cu/D EMC-88 9
individually for different data subsets PR P & EMC-93(addendum) | 10
A D 9 Observable | Experiment # data / EMC-93(chariot) 9
4/ E e = C/D FNAL-E772-90 | 9 Kr/D Hermes 84
for 2 / 2 /pt 0.80 Ca/D FNAL-E772-90 | 9 g\g//g %11\1?00;32139 ;
/ 2 Fe/D FNAL-E772-90 9 n 5
for FQA / F. 2A X /pt=05] |wp FNAL-E772.00 | 9 | Xe/D FNAL-E665-92 4
Fe/Be FNAL-ES866-99 | 28 Au/D SLAC-E139 18
pA pA’ 2 - W/Be FNAL-E866-99 | 28 | Pb/D FNAL-E665-95 4
for opy/opy X/pt =085 rma— L

AT

Karlsruhe Institute of Technology
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NPDF Hessian analysis:

1
X° = xg + 5 ii(a; — a7)(a; — a3) H;;

| 7 free parameters - /7 gluon parameters
- 8 valence parameters

- 2 sea parameters

Eigenvalues span |0 orders of magnitude
numerical precision required

Use improved derivatives - less sensitive to noise

= e e U = = e = )

1 1S ARy 4 28h
Ox 2h | noise robust Lanczos 3, §-point derivative
A i
central differences fi—fa4+2(fo—f2)+3(fs—f-3)+4(fas— f-a) +5(fs — f_5)
L10h
Ax? = 35 determined so that every nuclear target is described within 90% C.L.
SKIT
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Parton density functions for bound partons as a function of x

black

z fi'(z,Q) for A=(1,2,4,9,12,27,56,108, 207)
purple
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NCTEQ nuclear correction factors

with uncertainties

%z, Q)
/i (z, Q)

R; (Pb) == @ Q2 — 100 GeV? -

= =@ Q% =100 GeV® |

T S(X’ Q)

different solution for d-valence & u-valence

compared to EPS09

larger uncertainty @ gluon nuclear correction

factor & bigger low-x suppression

sea quark nuclear correction factors similar to

EPslS \

nuclear correction factors depend largely on

underlying proton baseline f =

TR M| n M| n Lo T R n M| n M|
1073 1072 107t 10° 1073 1072 107t 10° '
B ‘
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NCTEQ nuclear PDFs with uncertainties

af "(@,Q) @ Q2= 100GeV?>

NnCTEQ d-valence & u-valence solution between

HKNO/ & EPSO9

NnCTEQ nuclear uncertainties larger than

previous NPDF analyses

nPDFs not dependant on proton baseline -

better agreement between different nPDFs

Results still very preliminary

Figg g
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NCTEQ structure function ratios with uncertainties

FFe(x7 Q)
2 2
Fy(z,Q)

Structure function ratios are fitted observables

Despite different d-valence & u-valence
solutions - ratio of structure functions remain

very similar

Good description of data & differences between
NnCTEQ and other nPDFs appear at low-x

where there's no data

5t

RF ]

RF ]

1.10f+ &+

0| S0 SURRSRPPOOOE SO SO SO0 00 9

1.00—

0.95F4 %

0.90f i i

0.85 s

1.10f+

0.80 i+ -oooonrioeennim i HIRNOTE L S

1.00——

0.95[i-5

0.90 s

0.85 a4

I

: hC‘TEQ—/tA ....... ..... ‘ ;
0.80 B oo FTi HKNDZE S G
. - EPS09

0.01
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Why is the nCTEQ analysis stll PRELIMINARY ?

On-going work - inclusion of single inclusive pion production data from
d-Au from RHIC

- more realistic estimate of the nuclear gluon correction factor

@ intermediate & high-x

In discussion - inclusion of neutrino DIS data (inconsistencies within NuTeV data)

- better flavour separation for nuclear effects

SKIT

Karlsruhe Institute of Technology
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Conclusions & OQutliook

NnCTEQ analysis still preliminary - RHIC data being included & analysed

at the moment

NnCTEQ has larger uncertainties & larger nuclear suppression

for gluon @ low-x

LHC pPb data have a large potential to constrain nPDF
- need baseline w/o LHC data first

Next-generation colliders LHeC or EIC would be a game-changer for nPDFs

SKIT
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Neutrino DIS cross-section data

[

v NuTeV & di-muon
Vv N — Fe — 2310 data points Al charesa cpioy
i }X DIS & Drell-Yan data
CHORUS .
N = Pb — 824 data points — /08 data points
V== N = e

Challenges in combining the neutrino & charged lepton data
deal with the disparity of number of data points - assigning weights to neutrino data
neutrino DIS data only with 2 heavy nuclei - insufficient to get a reliable A-dependance

do all neutrino data show the different behavior or only NuTeV ?

Different neutrino observables

dOyA 5 dUDA
dxd()? dxd()?

vs. I e R )

. needs H\eory assumpﬁons to extract
Nuclear correction factors

free

we show correction factors defined e.g.as  R[F5] = FQVA/F;A, R \‘(IT
from free pro+on PDF A

Karlsruhe Institute of Technology
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Experiments included in the analysis

Charged lepton
Deep Inelastic Scattering Drell-Yan process
l/
l p oo
v
s 3
g i u
[+ N -1+ X p+N—-utu” +X

CERN BCDMS & EMC & NMC
N = (D, Al, Be, C, Ca, Cu, Fe, Li, Pb, Sn, W)

FNAL E-665 DESY Hermes
N = (D,C,Ca,Pb,Xe) N = (D,He,N,Kr)

SLAC E-139 & E-049
N = (D, Ag, Al, Au, Be, C, Ca, Fe, He)

FNAL E-772 & E-886
N = (D, C, Ca, Fe, W)

1233 data points (708 after cuts)

21

Neutrino

Deep Inelastic Scattering

[

vV
v

W — é}x
\_—
v(i)+ N -1+ X
CHORUS
N = Pb

CCFR & NuTeV
N = Fe

3832 data points (3134 after cuts)



Comparison of charged lepton and neutrino fits KK etal.
[Phys.Rev.Lett. 106(201 1) 1223017 arXiv: 1012.1178

Fit to charged lepton data Fit to only neutrino DIS

DIS & DY
x> /d.o.f =0.89 x?/d.of=1.33

T T T T T LI S — T T T T L —
110._. ......... ; .............. et I, e, S P ..

| SER. O SO OS5 I8 500 20 e SO | &

1.00F

RF ]

0.95Fi i LA B 2 S

oLl . ' S B [ = . : : . . . . . o i
N N N o N N - 4 7 R - P I I T R T S R IR, I R '....'..-'..'. DCIRC
S : : : 0.90}- P P : o i N

090;_—’.( / ............. TR I T b A N ] L~ N : TSR . : >
- A7 i — InCTEQ+=rA @ T . F A7 1 InCTEQ-vA 1 1 G
0.85[ii /LT ivn el G ACINMC . e PR 0.85 [ frirwsstoreoenee s PSLAGNMC o g
osol -t Kulaginetti gl 0.80F it KUlBQIEPRE £
S . - HKNO7Z: S A E == .~ HKNO7: S A
- . . oL . . [ I [ 1 | i i R S S S S i i R R S S S
6_01 ‘ — ‘01.1 ‘ — ‘1 0.01 0.1 1
X X

can we explain the difference and fit all data together in a global fit ?

SKIT
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NLO QCD calculation of 5 ; 26 in the ACOT-VFN scheme

comparison of NnCTEQ - only neutrino fit against extracted NuTeV data at different Q?

charge lepton fit undershoots low-x data & overshoots mid-x data

low-Q? and small-x data cause tension with the shadowing observed in charged lepton data

* ———

O =1.2589GeV’

! — nCTEQ-vA
- — nCTEQ-rA

0.01 0.1 1
X

P =31626eV R

. ncTEQ-wA
- — nCTEQ-rA

0.01 0.1 1
X

2%

 Gomowt

— nCTEQ —vA

0.01 0.1 1
X

. F=sonsGe IR

. ncTEQew
- nCTEQ-rA

0.01 0.1 1
X

SKIT

Karlsruhe Institute of Technology



NLO QCD calculation of 5 ; 26 in the ACOT-VFN scheme

comparison of NnCTEQ - only neutrino fit against extracted NuTeV data at different Q?

charge lepton fit undershoots low-x data & overshoots mid-x data

low-Q? and small-x data cause tension with the shadowing observed in charged lepton data

P =12589GeV -

PTG AR

RIF +FM

! — nCTEQ-vA . ncTEQ-wm }
07t — nCTEQ-FA | o7k — nCTEQ-FA

0.01 0.1 1 0.01 0.1 1
X X

L =19952GeV R . P =3enceV IR

+AM

T S T T

2

097 L N 2}

R[FY

— nCTEQ:— vA

I R . ACTEQ-wA
o7p  — nCTEQ-FA o7p o — nCTEQ-FA

| H H H | H H H H H HE il H H H |
0.01 0.1 1 0.01 0.1
X X

24
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NLO QCD calculation of 5 ; 26 in the ACOT-VFN scheme

comparison of NnCTEQ - only neutrino fit against extracted NuTeV data at different Q?

charge lepton fit undershoots low-x data & overshoots mid-x data

low-Q? and small-x data cause tension with the shadowing observed in charged lepton data

RIF +FM

]

+FAA

2

R[FY

L1po-

@ =50118GeV -

101 T
09
D — nCTEQ:— vA A
0.7p o CTEQ — A

0.01 ! — 1
X
 Q=12589GeV IR
D ‘ — nCTEQ:— vA S CAE
0.7f e nCTEQ — A

d.bl | | “””0‘.1 | | 1
X

25

. 194GV -

! . nCTEQ-vA ‘
- — nCTEQ-A

0.1 1
X

0.01

1.0

0.8

0.6

0.4

0.2f

°9,
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Analysis of fits with different weights of neutrino DIS (correlated errors)

w  FA| x®(/pt) | vA | x* (/pt) | total x*(/pt)
O3 6 0 (0.89) | - b 630 £ 58
1/7 708 | 645 (0.91) | 3134 | 4681 (1.50) | 5326 & 203
1/2 708 | 680 (0.96) | 3134 | 4375 (1.40) | 5055 & 192
6 (1.04) | 3134 | 4246 (1.36) | 4983 £ 190
(1.3

1 708 | 736 (1.04

o0 5

3134 | 4167 4167 = 176

(XZ)N/2—1€—X2/2

Log ON/2T(N/2)

I . . i . I i
110 o QZ=SGeV2 ............. b
105t LT R bbb
ook RS

- RS E R R : =y - T
0.95 -t pmisrre et SRS REREE T o : NF 21T
e A : 8l ]

RF ]

0.90 45T i ............. SR AR

0.85} ERLEIE SRS é SRS 4\ S
9% S : S \ /! S :"5“CTEQW1/2 A
. RUUEIRUUPEIOME ORI SO BOFi e i IDETEQ MR s
R : : gnCTEQWoo ol E L= : R
[ 1 i i i S S i i i S [ 1 i i i S S
0.01 0.1 1 0.01 0.1
X X

0.80f

. —— InCTEQ W=oo

1]
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Analysis of fits with neutrino DIS (uncorrelated errors)

uncorrelated errors

1A

w

x° (/pt)

vA

x* (/pt)

total x?(/pt)

1-corr 708

736 (1.04)

3134

4246 (1.36)

4983 (1.30)

708

l-uncorr

809 (1.14)

-

-

"7 47— nCTEQ-vA

. P S Lot

e

' Kulagin-Petti

 HKNO7:
R S T A |

[
R A S

SLAC/NMC ........ ....... SRS

0.1
X

-

3110

27

3115 (1.00)

3924 (1.02)

correlated errors

1.10F:

1.05f:-:

1.00F

/A

Bl

—

0.90 4"

080 .:. .........

& 0.95F it

. nCTEQ §Wf=1/7

0.85F:i- ....... .......................... ....... ..... ; :

-+ InCTEQ =172

et CDETEQMES L L T

NCTEQ Wi=oo
N A

0.1

7 nCTEQ w=1/7

0.85F i/ i R A TS S S PPN Peecde

-+ InCTEQ =172

1

T
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Properties of neutrino fits
CHORUS data are in good agreement with the charged lepton data

combined: Xg/pt: .03
NuTeV data (with correlated errors) difficult to fit alone or with the charged lepton data
2 . 2
alone: X /pt=1.35 combined: X /pt=1.33

Neutrino data dominate the combined fit without re-weighting - final result depends
from the weight chosen

1.15 ; : , 1.15 ‘
7 Q& =5GeV? } il , Q' =5GeV’

0.85r

— ""hCTEQ = vA
— nCTEQ — /A
0.80p ‘ — EPS09 : ‘ T 0.80r ' — EPS09
- HKNO7 --- HKNO7

NCTEQ —vA
nCTEQ — /A

||

0.75—5 01 01 1 0.75—5.01 01

X X
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