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PDF intro

Scattering - THE tool to study inner structure of atoms, nuclei & proton

Parton distribution functions & the inner structure of the proton

- direct descendants of Rutherford's experiments

Rutherford’s scattering Kinematics of elastic scattering
spin-0 non-relativistic projectile with very heavy target (no recoil)
El
( do ) Hi(aZ);
dQ/Ruth. 4FE?2 Sin4g . £ 3 Zﬁv_
== V’ 7 A A
>/ E Rutherford — nobel prize in chemistry - 170§ Vi) p=(M,0)
Mott’s scatterin -
: p'= 1)

spin-0 relativistic projectile with recoil of the target
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A/ vow  4E2sin® 8 E 2

SKIT

Karlsruhe Institute of Technology



PDF intro

Scattering - THE tool to study inner structure of atoms, nuclei & proton

Parton distribution functions & the inner structure of the proton

- direct descendants of Rutherford's experiments

Scattering of electrons on muons Kinematics of elastic scattering
spin-1/2 relativistic projectile scattering on muons
El
(da) o E’[ PR 1SS i Iee s 29}
— s COSEE $5 O
ds? 4FE? sin* D 2888201 2 B 3 [ﬁr_
q=(vq)
p=(M,0)
Rosenbluth’s scattering
spm—l/2l rellat|V|st|c prOJ.ectlle.scattermg on D e T rize — 196 p = (po,];
non-point like target with spin-1/2 (proton) W
do o B K2 q? v, q° v,
) Fi(q)? — F ) 2,7t F F 2 —}
<dQ) 4F25in*? E (F@ gz P2@°) e85 — 53 (Filg) + kFa(g))” sin

2
A
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PDF intro

Deep Inelastic Scattering )/ R.Taylor, H.Kendall, J.Friedman — nobel prize — 1990
A Kinematic variables
4 Ty Q?
i = 4t St o < (04
p = }X O S R
\
[(k) +p(p) = U'(K)+ X Distinguishing between elastic & inelastic scattering
“LSE A b - 106y W2: (p,1+p/2+—|—p%)2
| P, . . .
i ‘} gt WM* * -if W? =m_ elastic scattering
;50-5_— | ; . - if W? > m?2 inelastic scattering
0 i . | . | 1

W (GeV/c?)

DIS cross-section & structure functions

do o <2F1(x,Q2) LR D (02 2«9)
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PDF intro

Deep Inelastic Scattering )\ R.Taylor, H.Kendall, J.Friedman — nobel prize - 1990
4
!’ Kinematic variables
1 0= (5 =5 Q2 0.1
[ =t vaial T € A
p = }X O S R
\
[(k) +p(p) = U'(K)+ X Distinguishing between elastic & inelastic scattering
1.5 — E =10 GeV W2: (p,1+p/2++p;1)2
- | :‘L ‘Pﬁ Ly e
& b Tl : : .
;] h 5'@#” é W»W - -if W? =m_ elastic scattering
;30-5— | N Lo - if W? > m? inelastic scattering
0 . i . | | N

] )
1 2 3 4
W (GeV/c?)

o

Assuming elastic scattering on partons in the proton (in LO)
2
Bz, ) = Zef /dfﬁfi(ﬁ) 0 <§ — %) mom. fraction € = = kinematic variable

parton distribution function A\‘(IT
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PDF intro

Factorization & PDFs

fA—>a
a
A Oab—c
>
C
b
B fB—>b

U= /dxldCUQ fA—m(xlaQ2)fB—>b(w27Q2)

from experimemL

Parton distribution functions (PDFs)

fA—>a(£C7 Q2)

universal, non-perturbative objects
describe the structure of hadrons
in terms of partons - quarks & gluons

Q-dependance governed by the DGLAP evolution
equations

df;(zx, 2 2 1eh
J;$52 ) 11 0452(7? )/x Zypij(y)fj(x/ya

x-dependance determined from a fit to the data

g

o G165 |

R

from pQC D

Q°)
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PDF intro

CTEQ framework to fit PDFs from experimental data CTEQ6M hep-ph/0201 195

the input scale setto Qg = 1.3 GeV

parameterisation of the PDFs in x
T fr(x,Qo) = cox™(1 — x)2e*(1 4 e“x)S 9 = Wl G, 0, T A= L 5, 5
di o) [z, Q) = coxt2 (1 — ) + (1 + c3z)(1 — )
make sure # of free parameters not too high - CTEQ approx. 20 free params

carefully choose data sets & kinematic cuts to constrain free parameters

perform X’ fit to data "

Which data sets are included ? 1%

X
Deep Inelastic Scattering (lip, |~d,vN,vN ) . }

Neutrino DIS di-muon production p H

AT
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Drell-Yan & vector boson production (Wi, ZO, v)

hadronic jet data



PDF intro

Some details of PDF determination

- which data constrain what distribution ?

charged DIS:  Fa(z, p?) = 3726621 giz, p%) + Gi(=, u?)

neutrino DIS:

Il ) = xz
e Fs(z, 1) = mz

qi(z, 1) + @i (=, p?)

qi(z, 1) — @i (=, p?)

'
2 -lOgml.\'l

DIS scaling violations & jet data - gluon distribution

- breaking of Bjorken scaling at small x driven by gluon PDF

1
d
7 g_; Ze’%/x ?y Pyy(y) fo(x/y, n*)

X F
7

- high x behaviour constrained by jet data

10

3
.

quark & anti-quark distributions
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2. Nuclear PDFs



nPDF 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 le-lf- L }
SN ST
Sty il
0.9 s < .
~.§\. o P
0.8 1 % ]
Where are nuclear parton density functions useful ? 07 b L |

0 01 02 03 04 05 06 07 08 09 1
X

|. Strange quark content of the proton

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

0.245

NuTeVo1 NuTeVo1  Global EW fit
+NNPDF1.2[S]

- 0.24
_|_
E L 020
N—
D us NQD 0.23
Q e ——— ] ¥
e} ‘A 0.225
e 0.22

0.215

W-boson prodchrion @ 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 motivation

Deep Inelastic Scattering on nuclei

[/ Kinematic variables of the nucleus
]
vV o=y =15 Q2
2 At ==qi el vy T SiaE
p — }X :
Ty

[(k) + N(pn) = U'(K)+ X

New kinematic variables for the bound protons

PN
pA = —y  average momentum of a nucleon
Distinguishing between elastic & inelastic scattering Q?
1844 . . TA = = Azn za € (0,A4)
(assuming interaction only with one nucleon) 2pA-q

7 = gl 2y B R

_if W2 =m
i S

elastic scattering

BN TSN

inelastic scattering

¥ v

momentum fraction of a single nucleon
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nPDF motivation

Factorization & PDFs

fa—a g = / dridzy fasa(w1,Q%)fBob(T2, Q%) Gapse(T1225)
J R
5 Jab—c trom experiment trom pQCD
>
c
: Nuclear parton distribution functions (nPDFs)
B fB—>b

distributions of partons bound inside protons &
neutrons in nuclel

P 5k 7 13 , simple assumption that nuclear modifications of
Parton distribution functions (PDFs)

fA—)a(xa QQ)

universal, non-perturbative objects

proton PDF depends on A - # of nucleons

describe the structure of hadrons
(in terms of partons - quarks & gluons)
obey DGLAP evolution equations

SKIT
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nNnPDF review

Review of existing global analyses of nuclear PDF

[. Multiplicative nuclear correction factor
sz($N7 Q(ZJ) 3 RZ(ZUN, Q07 A7 Z)fz(.fCN, 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

SKIT
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nNnPDF review

Review of existing global analyses of nuclear PDF

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

LO, NLO, ERROR PDFS

uses multiplicative factor

f(xN,Q3) = Ri(zn, Qo, A, Z) fi(zn, Q2)

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

16

[ R(data) — R(theory) ]/ R(theory)

X /dof =12
02
o NMC i ] 5 EMC o NMC ;;139 * E665
d EE R |§|£i§¥§§ ?w i 0- ot 8 ‘é‘ .é@“i“%
sl P " J KL %; 6
02 02 ‘ ‘
o NMC = BCDMS
A E139 « HERMES
5 R L Bt L tz %H ??lééi
He/D . N/D % % *%
0.2 ; ; 0.2 : :
02 NMC { 02—+ neop 5
0 2558 EE 0- ?ifiij;ﬂg
Li/D } Al/D ]{
0.2 0.2 :
W . E139 b2 © EMC 4 E139 %
0] i ikl A '§<§ ‘i’"% ‘ .A.éi‘??i
Be/D Ca/D EA:P
001 0.01 0.1 o1 0.01 0.1 1
X
1.2 1.2
f
2~ |
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nNnPDF 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) =% b0—|—b133—|—b2332—l—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

17
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nNnPDF review

Review of existing global analyses of nuclear PDF

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

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

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

R}z, Q3) = 1™ (1 — 2)" (1 + e2(1 — 2)7?) x
x (14 ay(1 —z)")
A 5 A €s 1 + asx®
Rs (IaQO) R ('CU QO) 3 a8_|_1
€, 1+ a %
R} 2, Q}) = RNz, Q3) L —1

€1 ag—l—l

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

and F¥“ from neutrino data

use Hessian method to produce error PDFs

18

B AL AL
[ Q*=10GeV* I

this fit
- --EPS09

08 F
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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)
20

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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Fo [Fy |¢-1227 2 =427 ¥2=0.66 ¥2 =30.82
1.1 1.1
l/
1.0 — = — — - - == z -—F — - - — - - — g - - - —31.0
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: X 12 =3.67 22 =0.49 ¥ =25.0
[\/ =‘\/ 1.1
\ 10E — — — — — — ¥ _ _ _ ____ _ _I—
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Drell-Yan process
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11 411
1.0F —410
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N M+ 0.8 { o8
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- e FNAL-E772 I e FNAL-E772 °°F e FNAL-ES66(99) i © FNAL-EB66(99) ® FNAL-ES66(99) L I @ FNAL-EB66(99) ER
; t 7 t t 1 [; t 7 1 1 1 1
12f npts=9 Fe/D + npts=9
F 1t =831 ¥ x> =9.25
1.15- ‘i 1.1
T S
0.95- I ‘i 0.9
0.85— é; - ‘i 0.8
- e FNAL-E772 f e FNAL-E772 \
- L L L M| L L L L M e & L L L M| L L L L M
0.1 1 0.1 1 .\,

Karlsruhe Institute of Technology

N
e



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

] |

Karlsruhe Institute of Technology
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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

27

+ uv(x.Q)

[l — DSSz
n T r—

Tl — DSSsz
T ro—

1073

PR
1072

PR n P
107!

PR B Brwrsrn
10° 1073

N L M L P I
10_2 10_1 100 {I
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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
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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
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Future experiments

Electron-lon-Collider (EIC) b/ f
2 different proposals - JLab & RHIC
multiple nuclear targets

reach to small-x
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Future experiments

Point 6

LHeC

2 different proposals - ring-ring and linac-LHC
only Pb (possibly Ca) targets
reach to very small-x

nPDF requirements on LHeC
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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
Some important open questions remain (all can be solved by having more data)

uncertainty in nuclear gluon PDF (especially at small-x )

- Important contribution from LHC pA data

- need HERA-like measurements for many nuclear targets covering
also small-x (EIC & LHeC)

neutrino DIS on nuclei
- at the moment NuTeV incompatible with the rest of charged lepton data

- proton strange quark information from LHC vital
- new(old) data would solve the problem - NOMAD or NuSonG (IT
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