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Why do we need nuclear Parton Distribution Functions?

» What are PDF's of bound ME R
protons/neutrons? I - {
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» Heavy ion collisions in LHC and RHIC

» Differentiate flavors in free-proton PDFs (e.g. strange)

charged lepton DIS neutrino DIS
+ v _ _
A~ () s+ (3) fut d e ldtodutd

Fy ~[d+5+u+c|
FYy ~2[d+s—u—¢
Fy ~2u+c—d-—§
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Assumptions entering the nuclear PDF Analysis

Factorization & DGLAP evolution
v allow for definition of universal PDFs

v make the formalism predictive

[sospin symmetry
v [ uA(z) = dP/A (x)
d™/A(x) = uP/A (x)

x € (0, 1) like 1n free-proton PDFs [instead of (0, A)]

The observables O can be calculated as:
OA =7 OPA +(A-Z)OmA

With the above assumptions we can use the free proton framework
to analyze nuclear data.



Available nuclear PDF sets

¢ Multiplicative nuclear correction factors
A t
ff/ (CIJN, ,UO) — RZ.(:C]\“ (L0, A) fzfree pro On(ZUN, ,UO)

v Hirai, Kumano, Nagai [PRC 76, 065207 (2007), arXiv:0709.3038]
v Eskola, Paukkunen, Salgado [JHEP 04 (2009) 065, arXiv:0902.4154]

v de Florian, Sassot, Stratmann, Zurita [PRD 85, 074028 (2012), arXiv:
1112.6324]

¢ Native nuclear PDFs
v nCTEQ [PRD 80, 094004 (2009), arXiv:0907.2357]

ff/A(CUN,MO) = filzn, A, po)
fi($N7 A = 1,”0) = fzfree prOton(xNaluo)



nCTEQ Framework
[PRD 80, 094004 (2009), arXiv:0907.2357]

¢ Functional form of the bound proton PDF same as for the
free proton (~CTEQ®6.1 [hep-ph/0702159], x restricted to 0 < x < 1)

:I;ff/A(at, Qo) =z (1 —x)e™" (1 + e™x)®, i = Uy, dy, G, ..
d(z,Qo)/u(z, Qo) = z7 (1 — 2)* + (1 + csz) (1 — 2)™

¢ A-dependent fit parameters (reduces to free proton for A = 1)
ck — ck(A) = cro+ cka (1 — A_C’“>2) , k={1,...,5}

¢ PDFs for nucleus (A, 7)

FAD(@,Q) = 2 @) + AL ()

v Bound neutron PDFs f.V4 by isospin symmetry



Data Sets Used 1n this nCTEQ Analysis

No Neutrino Data Here

» NC DIS & DY

CERN BCDMS & EMC & . .
NMC Deep Inelastic Scattering

N = (D, Al, Be, C, Ca, Cu, Fe,

l/
Li, Pb, Sn, W) l p {
FNAL E-665 vV
N = (D, C, Ca, Pb, Xe)
DESY Hermes +
N = (D, He, N, Kr) N }X N s
SLAC E-139 & E-049

= u e a it
ge,—H(e]:))aAgaAlaA7BaCaCa Z+N_>ZI+X p—|—N—>M 'L(/ —|_X

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

Drell-Yan process

» Single pion production (new) » Neutrino (to be included later)

Single pion production Deep Inelastic Scattering

!

v
V

N }X

v(o)+ N =1+ X

RHIC - PHENIX & STAR CHORUS CCFR & NuTeV

N = Au N = Pb N = Fe



Recently Added — single pion production

RHIC - PHENIX & STAR

(N = Au)

PHENIX Collaboration:
[Phys.Rev.Lett. 98 (2007) 172302, nucl-ex/0610036]

Single pion production

STAR Collaboration:
[Phys.Rev. C81 (2010) 064904, arXiv:0912.3838]

» Theory calculation:
P. Aurenche, M. Fontannaz, J.-Ph. Guillet, B. A. Kniehl, M. Werlen
[Eur. Phys. J. C13, 347-355, (2000), arXiv:hep-ph/9910252]
» Fragmentation functions:
J. Binnewies, Bernd A. Kniehl, G. Kramer
[Z. Phys. C65 (1995) 471-480, arXiv:hep-ph/9407347]
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Fit Details
Fit @ NLO with Q, =1.3GeV

Using ACOT heavy quark scheme

Kinematic cuts:
v Q>2GeV,W>35GeV
v ppr > 1.7GeV

708 (DIS & DY) + 32 (single 7t°) = 740 data points after cuts

16 free parameters

v 7 gluon, 7 valence and 2 sea
X ?=0611, giving X 2/dof = 0.85

Error analysis — use Hessian method



¢

Fit Details

Kinematic cuts

EPS: Q > 1.3 GeV
HKN: Q > 1 GeV
DSSZ: Q > 1 GeV

. . nCTEQ:
Kinematic cuts:
Q > 2 GeV
v Q>2GeV,W>35GeV {W>3.5 S
v ppr > 1.7GeV
v
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Kinematic cuts:
v Q>2GeV,W>35GeV
v ppr > 1.7GeV

v

nCTEQ: 740 data points *|
EPS09: 929 data points

Fit Details

Kinematic cuts

nCTEQ:

{Q>2GeV

W > 3.5 GeV

EPS: Q > 1.3 GeV
HKN: Q > 1 GeV
DSSZ: Q > 1 GeV

Kinematic range of data
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nCTEQ Results

g 4
nCTEQ with 70 | o5
nCTEQ no

TFO | oa

e

Nuclear PDFs (Q = 10 GeV)

x PP(x0Q
o o °

z Pz, Q)

Compare nCTEQ fits:
» nCTEQ15 with 7° data
» nCTEQ15wp without 7¥ data

Pb
x PP(xQ
o © o © o © o =
[OVR S ¥, R =) B N - -] o -

Pb

x PP (x0Q
© © o © o o o 9 o ©°
=N W s N O H N




nCTEQ Results

Nuclear PDFs (Q = 10 GeV)
Pb
T f] / (z,Q) :
Compare nCTEQ fits:
> nCTEQ15 with 70 data g
» nCTEQ15wp without 7¥ data

'Pb
x 77 (x,0)
O
o w5 K %5

4

nCTEQ no 7

nCTEQ with 70 | o
0 | oa
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nCTEQ Results

Nuclear correction factors

(Q =10 GeV)

PPV (0Q
O O O O W W e
b O B [YE

_ f@,0)
fi (#,Q)

Compare nCTEQ fits:
» nCTEQ15 with 7° data
» nCTEQ15wp without 7¥ data

QN (%.Q)
0 0 0O M M O
S &8 &8 L LB S

R;(Pb)

(6 QNP (. Q)
- - -
b O ® o Mok oo O

PPV (% Q)
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nCTEQ Results

|| — nCTEQ15np

Nuclear correction factors

(Q = 10 GeV)

fzp/Pb(xa Q) nCTEQ with 7°

P(z,Q) dod nCTEQ no 7V
) ) |

R;(Pb) =

Compare nCTEQ fits:
» nCTEQ15 with 70 data

» nCTEQ15wp without 7¥ data
14



nCTEQ Results

Nuclear correction factors

(Q =10 GeV)

P (2, Q)
7 (z,Q)

R;(Pb) =

» different solution for

d-valence & wu-valence
compared to EPS09 & DSSZ

> sea quark nuclear correction
factors similar to EPS09

» nuclear correction factors
depend largely on underlying
proton baseline
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nCTEQ Results

Nuclear correction factors ol
(Q — ].0 GeV) I 0.6
-nCTEQ EPS09
2 HKNO7 DSSZ

p/Pb .
O e Y

» different solution for

d-valence & wu-valence
compared to EPS09 & DSSZ

> sea quark nuclear correction
factors similar to EPS09

» nuclear correction factors
depend largely on underlying

proton baseline 16



nCTEQ compared to EPS09 —

u, and d, (same vs independent nuclear effects)

nCTEQ EPS09
A
mug/A(QO) — 2°1 (1— x)cg ecgm(l + eC4 x)cg Ug/ (Qo) = Roy(z, A, Z) u(z, Qo)
d d .d d d p/A _
wdf,)/A(Qo) — 2°1 (1 _x)cz 603$(1+ec4$)05 dv (Qo) = Ry(x, A, Z)d(x, Qo)
u u u —c, Y ag + (a1 +agz)(e” " —e"Fa) =z <z,
ck” :ckj’O—l—ckj’l (1—A ka2) R, = b0+b1x+b2x2+b3x3 T < x < xe
L o co + (c1 —eza)(1 — )~ F ze <w <1
c V= ckf’o + Ck:q,jl (1 — A kv2)
Mi: EPS09 dV | 06 — EPS09 uV
nCTEQ ost
_o3f nCTEQ with const. ol
< Ol Uvyal, Aval '
8 EPS09 oal
we set:
dy _ Uy
€L =6



nCTEQ Results

P (xQ)

Nuclear PDFs (Q = 10GeV)

p/Pb "

» nCTEQ features larger = \|n=F
uncertainties than previous S 1 i
nPDEF's -

> better agreement between Q=10 GeV

different groups (nPDFs don’t
depend on proton baseline)

<
Qul .l

P
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nCTEQ results: F, ratios
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F, ratios: continued
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nCTEQ Results : Drell-Yan ratios
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What about Neutrinos?
5| : EMC Fermi motion
] NMC

] E665 I

0.3
T shad(ﬁg / EMC effect
00?001 /O 01 0.1 | 1

sea quark valence quark

¢ Good reason to consider nuclear effects are DIFFERENT inv - A.

v Presence of axial-vector current.

v Different nuclear effects for valance and sea --> for example different
shadowing for xF; compared to F,.

22



Nuclear Effects
A Difference in Nuclear Effects of
Valence and Sea Quarks?

I LI B L preliminary

12

11 valence

O_Fe/o.Be
1§1
—o—l
T
=
—?—

0.9

O_Be
1 T T T
S; d
1
i
[
_+._
s
w((Ca,x)

0.84
;\ el : oo gluon
b o4 I - -
0.8_ ~—-+ : 06 5 ,
N N B A 1 Q= 1GeV~
5 15 0 0.1 | o501 001 o :
Mass X, X

¢ Nuclear effects similar in Drell-Yan and DIS for x < 0.1. Then no
“anti-shadowing” in D-Y while “anti-shadowing~ seen in DIS (5-8%

effect in NMC).
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Neutrino: CTEQ vs. Other nPDF sets

¢ CTEQ uses the double differential cross sections NOT the structure
functions F, and xF; that require additional theoretical assumptions
to extract.

¢ CTEQ uses the full NuTeV covariant error matrix rather than
adding systematics and statistical errors in quadrature.

¢ Use 8 Neutrino data sets
v NuTeV cross section data: v Fe, V Fe
v NuTeV dimuon off Fe data
v CHORUS cross section data: vV Pb, v Pb
v CCFR dimuon off Fe data

24



F, Structure Function Ratios: v-Iron
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F, Structure Function Ratios: v-Iron
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A More-Detailed Look at Differences
¢ NLO QCD calculation of F¥* + F¥* in the ACOT-VEN scheme

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

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

1B o R RN W R | g ey

27




A More-Detailed Look at Differences
¢ NLO QCD calculation of F¥* + F¥* in the ACOT-VEN scheme

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

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

Q’-79a32r3a;3 d=1258960

ii I I I A i HEH I i R I I I i B i iiiiiii
0,01 0.1 1 0,01 0.1 1

6.101 ! Oll : : : HE !!1 o'l;OI ! Oll : : HEH 551 28



We Now Have A New DIS Player - What does MINERVA see?
DIS Cross Section Ratios — do/dx

— Ratio of S0 40" Ratio of G0 ; G0 Ratioof G0 G0 —
dx * dx dx * dx dx " dx
16F 131 131
15 312420 POT cC/lC F o 312es20pP0T - 12420 POT
F NOTsoscalar Corrected v 1.2 NOT Isoscalar Corrected 1.2 NOT Isoscalar Corrected -
145 F * F |
E F T 1 |
T 1.3 ' T 1.1= . z 1.1
5 |x E O |x B * O 1 X - ‘-T—! I ;
S [¢] P [] - -
8% 12- 3° 3° L
RE > T F { J M
? T & I 3 B ousseau
b‘ x Bl A ~ AL .
T° 1.0: -UIU 09 FEI H 'U.c 09F I Ph CI'-I
09fp : : 1
F 0.8 0.8
0.8 [ =4+ Data N
F ‘ = Simulation I ‘ = Simulation r ‘ = Simulation
0'6.0 01 02 03 04 05 06 07 0'6.0 01 02 03 04 05 06 07 0'6.0 01 02 03 04 05 06 07
Bjorken x Bjorken x Bjorken x

Ratio of do® : do®

¢ The shape of the data at low R
X, especially with lead is ) S B
consistent with additional Ty

nuclear shadowing. at an
<x> (0.07) & <Q*> (2 A 10 L T O N T
GeV?) - where negligible : I - [SevmGstisn

0.8— ¥ SRRSO NURS (| — Cloet Pb/CH
;| w—— BY{13 Pb/CH

shadowing is expected E | == cemezearsen
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Before MINERVA there was MIDIS
and a High-energy Configuration of NuMI

MIDIS: Central Detector, Conceptual Design

ANL: John Arrington, Roy Holt, Dave Potterveld and Paul Reimer - FNAL: JGM
Fermilab Bright Booster Study - Spring 2001

2m x 2 cm x 2cm scintillator (CH)
strips with fiber readout.

Fiducial volume: r=.8m L =1.5:
3 tons of scintillator

Downstream half: pure scintillator

Upstream half: scintillator plus 2 cm
thick planes of C, Fe and W.

v 11 planes C = 1.0 ton (+Scintillator)
v 3 planes Fe = 1.0 ton (+MINOS)
v 2 planes Pb = 1.0 ton

Readout: mainly VLPC, perhaps also
multi-anode PMT for TOF.

Use MINOS near detector as muon
identifier / spectrometer.

Downstream Half
Scintillator Only

e Upstream Half
7 Scint. + Planes of C, Fe,V

2.0mx 2.0 mx 2.0 mlong

PPN INININ NN .

Triangles:1 cm base and transverse segmentation.
Yields about 1 mm position resolution for mips
From DO pre-shower test data

NuMI v Scattering Experiment - Jorge G. Morfin 14
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Shadowing 1in Neutrino Interactions
Difference expected compared to I+ A

Nuclear Shadowing in Electro-Weak Interactions - Kopeliovich, JGM and Schmidt arXiv:1208.6541

¢ Several theoretical models successfully describe the shadowing
|

effects observed in charged-lepton nucleus scattering.
¢ Most are based on hadronic fluctuations of

the y (or W/Z for neutrinos)
¢ These fluctuations then undergo multiple
diffractive scattering off leading nucleons

in the the nucleus.
A
>

¢ The multiple scatters interfere destructively
leading to no flux making it to downstream

nucleons resulting 1n a depletion of cross

section at low values of x.




Shadowing - continued

Why low x?

The lifetime of the hadronic fluctuation has to be sufficient to allow
for these multiple diffractive scatters:

t.=2E, 4/ (Q*+ m?)

For a given Q? need large E, _, to yield sufficient t, which implies
small x.

m is larger for the vector current than the axial vector current =
for a given Q? you need more E, , for the vector current than the
axial vector current to have sufficient t..

This implies you can have shadowing at higher x with neutrinos
than with charged leptons 32




Global QCD Analysis in a Nutshell
Master Equation for QCD Parton Model
— the Factorization Theorem

Mz, —, ) = '” F’\ O

A(wQQ) Za:f (:vu )+(())
s
- Theoretical
/4 Calculations

Y
Hard Cross-section

perturbative galculable
(may contain a"Log"(M/Q))

universal Parton Dist. Fn.

Non-Perturbative Parametrizatio —
GLAP Evolution to (s-€xtracted by applying global analysis m@

What do the concepts of “factorization” and “universal (nuclear)
parton distributions” mean in the nuclear environment?




Summary and Conclusions

We have updated the nCTEQ nuclear PDFs and errors w/o neutrino:

(Referee comments on our full PRD article received yesterday!)

In spite of our very different valence quark distributions compared to
other nPDF fits — we fit u, and d, separately - we have good fits to

data. Update: re-evaluation of fit suggests we do not yet have
sufficient data to say separate u, and d, give a better fit!

Our study suggests that uncertainties on these nPDF fits are
underestimated.

We are turning back to neutrino nPDFs with extended data sets.

Our current nPDFs from neutrino data inconsistent with charged
lepton nPDFs.

The very first MINERVA results on nuclear target ratio are not yet
statistically significant but promising! (Pb/CH) at x < 0.1 1s consistent
with shadowing at a higher x than would be expected with 1=



Backup
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DIS Cross Section Ratios — do/dE

¢/ ot

GPb / 0-CH

Ratio of o : ¢

Ratio of ¢¢: c® 8¢ MINERVA Preliminary —— Data

1.8 — ] Gi 3.12e+20 POT —— Simulation
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S d g L o HeE f b
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i 5"1'10”H15HH20‘“‘.2'5””30”"35‘”‘40|H‘45HH50
0-6,“” Neutrino Energy (GeV)

5 10 15 20 25 30 35 40 45 50 . .

Neutrino Energy (GeV) DIS cross section ratios on C, Fe, and Pb

o Ratio of o™ ; o°* compared to CH as a function of E,

’ B MINERVA Preliminary —4— Data
(6 3.12e+20 POT —— Simulation Ce . »

O NOT Isoscalar Correcte Simulation” based on nuclear effects
14 observed with electromagnetic probes
1.2

e : Ratios of the heavy nuclei to lighter CH
.| doPrrdx t are evidence of nuclear effects
o.sf

Observe no neutrino energy dependent
nuclear effect

5 10 15 20 25 30 35 40 45 50
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Others Do NOT Find this Difference between | and v

¢ The analyses of K. Eskola et al. and D. de Florian et al. do not find
this difference between [*—A and v—A scattering.

¢ They do not use the full covariant error matrix rather adding
statistical and systematic errors in quadrature.

¢ They do not use the full double differential cross section rather they
use the extracted structure functions which involve assumptions:
v Assume a value for AxF; (= F;"- F;") from theory.

v Assume a value for R = F| / F.

¢ If nCTEQ makes these same assumptions, than a combined solution
of [*—A and v—A scattering can be found.
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If Difference between both [*-A and v—A persists?

# In neutrino scattering, low-Q? is dominated by the (PCAC) part of the axial-vector
contribution of the longitudinal structure function F, .

¢ Shadowing is led by F and the shadowing of F, lags at lower x.

EMC Addendum ¢“¥/g®
——————— Fg“/F: assuming AR/R=30%
1.15[ --------- F{YFP° assuming AR/R=30%
_— FIC“IF . assuming AR=0.04

085Es + v V. Guzey et al. arXiv 1207.013
v F, (Blue) is purely transverse and F, (Red) is a sum of F (F,) and F|
¢ This could be a contributing factor to such a difference.

¢ Another idea also from Guzey and colleagues is the observation that (in leading

order): do"*  GEME ME_ ... 4 L
dedy ~ (Q24+M3)? = 2z [d* +s* + (1 —y)*(z* +&%)]

do?*  G}M{, ME
dedy — (Q*+M3E)? =

2z [d* + 5% + (1 —y)? (v* +c?)]

v In the shadowing region at low-x, y is large and the o,, are primarily probing the d- fgnd s-
quarks. If shadowing of the d and/or s quark negligible could contribute to the result.



Combined Analysis of ¥ A, ZA and DY data

Kovarik, Yu, Keppel, Morfin, Olness, Owens, Schienbein, Stavreva

Take an earlier analysis of 2*A data sets (built in A-dependence)

v Schienbein, Yu, Kovarik, Keppel, Morfin, Olness, Owens,
v PRDS80 (2009) 094004

For 2*A take F,(A) /F,(D) and F,(A) /F,(A" ) and DY o(pA)/
o(pA’)

v 708 Data points with Q >2 and W > 3.5
Use 8 Neutrino data sets

v NuTeV cross section data: vV Fe, V Fe

v NuTeV dimuon off Fe data _

v CHORUS cross section data: vV Pb, v Pb

v CCFR dimuon off Fe data

Initial problem, with standard CTEQ cuts of Q >2 and W > 3.5
neutrino data points (3134) far outnumber 2*A (708).
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Try to Find a Simultaneous Fit to Both |* and v
Quantitative > Analysis of a Combined Fit

¢ Up to now we are giving a qualitative analysis. Consider next
quantitative criterion based on 72

¢ Introduce “tolerance” (T). Condition for compatibility of two fits:
The 2nd fit 2 should be within the 90% C.L. region of the first fit >
¢ Charged: 638.9 +45.6 (best fit to charged lepton and DY data)

¢ Neutrino: 4192 + 138 (best fit to only neutrino data)

Weight Fitname | ¢data | x° v data | x? total x2 (/pt)

w=20 decut3 708 639 nnnn NO 639 (0.90)

w=1/7 | glofacla | 708 645 YES | 3134 4710 NO 5355 (1.39

w=1/4 | glofaclc | 708 654 YES | 3134 4501 NO 5155

w=1 global2b | 708 736 NO 3134 4277 YES 5014

(
w=1/2 | glofaclb | 708 680 YES | 3134 4405 NO*** | 5085 (1.

(

(

W= 00 nuanuaf - nnn NO 3134 4192 4192




CTEQ Predictions for MINERVA

Morfin, Nieves & Sobczyk Adv. HEP (2012) 934597

1.15

General strategy has been to adapt electron — 1.05
scattering effects into neutrino scattering g~ 1
theory. 095

Neutrino event generators rely on & o085 L/ .
measurements from charged leptons 08 L.
0. '
0.01

CTEQ fit for neutrino nuclear effects by
comparing NuTeV structure functions on
iron to predicted “n+p” structure functions.

Compared to predictions from 1* scattering. “°§ o
CTEQ prediction for the structure function - IZZ
et predicted for Po ©. O
Should be also studied using oash ;'%“_Caffi‘)hffcafbon“? """"""" SRt
deuterium targets! °'8°:—;'; """""""""""" :::;Z//cczrrl:;?\ """""""""""""""""""
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DIS Formalism

QCD Factorization means that we can treat the scattering and later processes
separately, they occur on very different timescales:

Al +h —>/+X)=ZjdxA(/+q(x)—>/+X)qh(x)

hard scatter: fast

fragmentation: slow

Justification for summing probabilities
rather than amplitudes for v—q scattering.

Justification for QCD factorization and other aspects of the parton model
come from formal approaches, namely the operator product expansion of
the hadronic tensor.



What about Neutrinos?

¢ After improving methods for nuclear parton function extraction
using charged-lepton and Drell-Yan data we will turn back to
nuclear parton distributions from neutrino nucleus scattering.

¢ Will include CCFR, CDHSW and MINERVA results in addition
to the NuTeV and CHORUS results already included.

¢ We are starting from our published values shown several times
at this workshop.

43



