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Kinematical regions of neutrino-nucleus scattering
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Depending on the neutrino beam energy,
different physics mechanisms contribute
to the cross section.

* QE (Quasi elastic)

* RES (Resonance)

* DIS (Deep inelastic)

Activities at the J-PARC branch, KEK theory center
http://j-parc-th.kek.jp/html/English/e-index.html
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J.L. Hewett et al., arXiv:1205.2671,

Proceedings of the 2011 workshop

on Fundamental Physics at the Intensity Frontier



Neutrino deep inelastic scattering (CC: Charged Current)
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Neutrino DIS experiments

M. Tzanov et al. (NuTeV), PRD74 (2006) 012008.
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Nuclear modifications of structure function F,
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High-energy nuclear reactions

Nuclear PDFs are needed for describing high-energy
nuclear reactions in order to find any new phenomena.

o= f.(x,,0")e f,(x,,0")
», ®6(ab— cX)® D" (z,0%)

f.(x,,0%): parton distribution functions
6(ab — cX): partonic cross sections

D'(z,0%):  fragmentation functions



Experimental data:

(1) F,A/ F,P
NMC: p,He, Li, C, Ca
SLAC: He, Be, C, Al,
Ca, Fe, Ag, Au
EMC: C, Ca, Cu, Sn
E665: C, Ca, Xe, Pb
BCDMS: N, Fe
HERMES: N, Kr
+ JLab data
(2) F,A/ F,A°
NMC: Be/C, Al/C,
Ca/C,Fe/C,
Sn/C, Pb/C,
C /Li, Ca/Li

(3) opy™/ Oyt

E772: C /D, Ca/D,
Fe/D, W/D
E866: Fe /Be, W/ Be

total number = 1241
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Process/

Leading order

Parton behaviour probed

Situation of data for nuclear PDF's

Available data

for nuclear PDFs Jlab at large x

Nuclear target Fe (CCFR, NuTeV)
Not for p and d.

Small-x,

high-energy electron facility
(EIC, LHeC)?

=

— Fermilab
RHIC, LHC (J-PARC?, GSI?)

— RHIC, LHC

hep/ph-9803445

Updated information

Experiment subprocess
DIS (uN — puX) Y= q
Fi? pie pim gy Four structure functions —
(SLAC, BCDMS, u+
NMC, E665) d+d
............................................................ S
DIS (vN — pX) W*q— ¢ s (assumed = 3),
FYN xFYN but only [ zg(z,Qf)dr ~ 0.35
(CCFR)* and [(d —a)dz ~ 0.1
.............................................................. Zasshsssssssssssnsnsnnannnnununnnnnnnnnnnnnnnunnnfinnn
DIS (small z) Y(Z*)q — ¢ A
Fs? (H1, ZEUS)* (xq ~ a7, 3g ~ 2™M)
DIS (FL) Vg —aq g
NMC, HERA
LN — ccX Y'e—c c
Fg (EMC; H1, ZEUS)* (z 20.01; = < 0.01)
TN R e 8%%(ﬂ+_) ...........................
(CCFR)* —ut
pN — vX a9 — 74 gatz2pp/ys—
(WA70*, UAG, E706, ...) r=~0.2-0.6
pN — ptu~X qq — v g=..1—mz)s
(E605, E772)*
pp,pn — putpu—X ui, dd — v* i—d (0.04 Sz 50.3)
(E866, NA51)* ud, da — ~*
ep,en — e X 7*q — ¢ with a—d (004 Sz50.2)
(HERMES) q=u,d,u,d
pp —> WX (ZX) ud — W u,d at x =~ My [\/s —
(UA1, UA2; CDF, D0) z~0.13; 0.0
— £* asym (CDF)* slope of u/d at  ~ 0.05 — 0.1
pp — X 44,99 — tt q,9 at T 2 2my//5 ~ 0.2
(CDF, DO)
pp —jet + X 99,49.99 —2j | ¢, 9 at z ~2Er/\/s —
(CDF, D0) z ~ 0.05—0.5

Eur.Phys.J. C63 (2009) 189.

In A. D. Martin ef al. (MSTW08),




Current nuclear dataare . (from H1 and ZEUS, hep-ex/0502008)
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Functional form Nuclear PDFs “per nucleon”

If there were no nuclear modification
Au? (x) = Zu? (x)+ Nu" (x), Ad”(x)=Zd?(x)+Nd"(x) p=proton, n=neutron

Isospin symmetry: u"=d’=d, d'=u’=u

_ Zu(x)+ Nd(x)

_ Zd(x)+ Nu(x)
- X =

A

— u?(x) d* (x)

Take account of nuclear effects by w;(x,A)

ut (x) = w, (x,A) Zu,(x) :;Ndv (x) , dr(x)=w, (x,A) Zd, (x) :;Nuv (x)
7 (x) = w, (x,2) 243 ZNd &) 3 () = wy () 222D ;Nﬁ(x)

54 (x)=w, (x,A)5(x)
g'(x)=w,(x,A)g(x) at 0°=1 GeV2(= Q)



Functional form of w;(x,A)

ﬁ.A(x,Qj):wi(x,A)ﬁ.(x,Q(f) i=uv9 dva u, da S, g

2 3
wi(x,A)=1+(1— 1 )ai+bix+cix +d.x

Note: The region x > 1 cannot be
described by this parametrization.

A° (1-x)”

_fv/ "X

A simple function = cubic polynomial

Three constraints

—A 1 A JA 1 A
Nuclear charge: Z = A_[dx[ u' —u )—g(d —d )—3(s
Baryon number: A= AIdx[ u —u) %(dA—JA)+%(SA
Momentum: A=Aj'dx[u +iut+d*+d* +s" +5" + g

=A_[dx[u;“ +d} +2(a" +d* +§A)+g]

_EA)il= Ajdx[%uf —%d:‘il
—EA)]:AIdx[%uf+§dj‘}




Parton distribution functions are determined by fitting various
experimental data.

e electron/muon: u+p—->u+X
e neutrino: v, +tpou+X
e Drell-Yan: p+pouU U +X

(1) assume functional form of PDFs at fixed Q°(= Q;) :

eg. f(x,00)=Ax%(1-x)"A+7x),

where i=u ,d , u, d,s, g
(2) calculate observables at their experimental Q° points.
(3) then, the parameters A., o, B., 7, are determined so as

to minimize ¥* in comparison with data.



Determination of each distribution
Valence quark v,+p— U +X

v 1 GF_ Y4 V4 cC
_1+Q2/M5Vﬁu(k’)‘)yu(l_%)u(k’)’)<X|J“ Ip,A,> v

do G2 k’ A
dEdQ (1+Q2/M ¥ 321°E

S[k“k'v VM — uvk k’ + et k'] where €,,,, = +1
u_ v 1 |
W, =-W guv—q? VG p“—pzqq“ p”—pzqu Ve (5 e P
M, : 2
MW, =F,, VW,=F,, vW,=F,, x= 0 y=P4
’ SR ey =

doSS G (s —M?) Mxy y
Zidy amare MR +(1_y__2—E_]FCC ==L (FZJFCC

5 [F%’p+F3Vp]CC: u,+d,+s—35+c—c

Note: Nuclear corrections
in CCFR/NuTeV (v+Fe).

Valence: also F, at large x



Sea quark

e/u scattering

_EBE+E _x

FN
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d, w
Drell-Yan (lepton-pair production) (q2)>JWV\<
d1 3

Pt D, %.LLJF.LL_"'X
do o< q(x,)q(x,)+q(x,)g(x,)

at large x, =x, —x,

/ \ do < q,(x,)q(x,)

projectile target

q(x,) can be obtained if g, (x,) 1s known.



Nuclear modification of PDF's
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Comparison with F,“¥/F,? & 6,,/*?/ o,,*" data

LO analysis NLO analysis
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Gluon
scaling violation of F,
a qs(x9t) =& IQ qu(x/y) qu(x/y) qs(.)’,t) Hi d ZEUS
AmQ’)| g(xt) | 2mlxy| P,(x/y) P,(x/y) g (1) JH§;01(2010)109

al;; . 10 as H1 and ZEUS

at small x
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Scaling Violation and Gluon Distributions

a 5 el OCS lﬂ 2 >
dlog O’ 4 (x,0")= T J y [EM,Q )+ P, (x/y)8(y,0 )}

: dominant term at small x

+ F —
q; =q; 14,
§ 1
x=0.0125 x=0.0175 x=0.025
at small x K.Prytz, PLB 311 (1993) 286. : : T ‘
T - T
o Tt 1230 e
oF, a0 o IH:H it H'I . NMC
o(ng*)~ 27x i i
P T x=0035 X=0.045 X=0.055

to the gluon distribution.
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- HERMES
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Nuclear PDFs M. Hirai, S. Kumano, T.-H. Nagai, PRC 76 (2007) 065207.
http://research.kek.jp/people/kumanos/nuclp.html
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Recent global analyses on nuclear PDF's

— HKNO7 I may miss some papers.

e M. Hirai, S. Kumano, and T. -H. Nagai, Phys. Rev. C 76 (2007) 065207.
e Charged-lepton DIS, DY.

— EPS09
K. J. Eskola, H. Paukkunen, and C. A. Salgado, JHEP 04 (2009) 065.
e Charged-lepton DIS, DY, ©t° production in dAu.

— CTEQ
e I. Schienbein, J. Y. Yu, C. Keppel, J. G. Morfin, F. I. Olness, J. F. Owens,
Phys. Rev. D 77 (2008) 054013; D80 (2009) 094004
K. Kovarik ef al., PRL 106 (2011) 122301; arXiv:1307.3454.
e Neutrino DIS, Charged-lepton DIS, DY.

— DSZS12
e D.de Florian, R. Sassot, P. Zurita, M. Stratmann, Phys. Rev. D85 (2012) 074028.
e Charged-lepton DIS, DY, RHIC-7

See also L. Frankfurt, V. Guzey, and M. Strikman, Phys. Rev. D 71 (2005) 054001;
Phys. Lett. B687 (2010) 167; Phys. Rept. 512 (2012) 255; arXiv:1310.5879.
S. A. Kulagin and R. Petti, Phys. Rev. D 76 (2007) 094023; C 82 (2010) 054614.
A. Bodek and U.-K. Yang, arXiv:1011.6592.



Ku]agin and Petti’s analysis S. A. Kulagin and R. Petti, Phys. Rev. D76 (2007) 094023.

* Although most global analyses assume rather a model-independent functional form
with a number of parameters, their approach is different in the sense that
only the “off-shell” effects in the nucleon are parametrized.

e They tried to obtain structure functions rather than the PDFs.

Nuclear structure functions
= Conventional nuclear physics + Nucleon modifications in nuclear medium
= Binding, Fermi motion + Pion excess + Shadowing (Multiple scattering)
+ Off-shell effects (with parameters to be determined from data)

12 [ - -
B S W O VAt 1> o M
P Off-shell effects: F,(x,0°,p*)=F,(x,0*)|1+8f,(x)—5*
1 :./ — \ MN
°-9-{ T F g+05 - \\ """" —F Parametrization: 6 f,(x)=C, (x—x,)(x—x,)1+x, — x)
08 B+08:Pl —
- FNB+Op+PINS
‘1"; S 01702 03 04 05 08 07 08 09
" S N ? gl\S/IB f(e)?fné l\l/{otlon + Binding
i / \ ; : ff-Se
a B \ PI: +Pion
08 NS: +Nuclear Shadowing
Mot 100 107 100
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Functional form of initial distributions at Q>

Initial nuclear PDFs at
1
fA(x)= 7 |:Z P x)+(A-2) " (x):| f¥'*(x): PDF of bound nucleon in the nucleus
Isospin symmetry is assumed: u=d" =u’,d=u" =d”

Functional forms
e HKNO7 (Q; =1 GeV?)

2 3
FO=m@wADL[ZR0+A-DE®], WA D=1+(1- AT

A1/3 (1 - x)O.l

o EPS09 (Q; =1.69 GeV?)
a, +(a, + a,x)[exp(—x) —exp(—x,)] (x <x,:shadowing)

N4 (x)= R (x) £ ™ (x,00), R} (x) =4 b, +b,x+b,x*+bx’ (x, < x < x, : antishadowing)
¢, +(c, —c,x)1—x)"* (x, <x <1:EMC&Fermi)

e CTEQ-08 (Q; =1.69 GeV?)

() = { AxtA-x)2e (1 +e™x)" 1= liv,dv,g,L_l +d,s,s

AxtA-x)" +A+Ax)A-x)" :i=d/u

e DSZS12 (Q; =1.0 GeV?)

N4 (x) = RN (x) 5™ (x,00), RANx)=ex* (1-x)" " [1+&,d-x)"1+a,d-x)"]
e 1+ agxag

1+ax™
S TAY R =R (0=
g l+a, g l+a,

R*(x)=R}(x)



Comparison of nuclear PDF's

Different analysis results are consistent with each other
because they are roughly within uncertainty bands.

Valence quark: Well determined except at small x.

Antiquark: Determined at small x, Large uncertainties at medium and large x.
Gluon: Large uncertainties in the whole-x region.
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Analysis of CTEQ-2008 (Schienbein et al.)
Charged-lepton scattering
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Neutrino scattering
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Base-1

* incorporate deuteron corrections

Base-2 corresponds to CTEQ6.1M with s#sbar

e include CCFR data

Differences B H N /
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Base-1 ¢ remove CCFR data

Charged-lepton correction factors are applied.

o s#sbar

Base-2: Using current nucleonic PDFs,
they (and MRST) obtained very different
corrections from charged-lepton data.
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Base-1: However, it depends on the analysis
method for determining ‘“nucleonic” PDFs.




Neutrino DIS < Charged DIS issue

D. de Florian, R. Sassot, P. Zurita, and M. Stratmann,
Phys. Rev. D 85 (2012) 074028.
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According to their analysis, the issue does not exist!?



Activities in 2013
1. K. Kovarik et al. (CTEQ), arXiv:1307.3454 (DIS-2013).

2. 2. H. Honkanen, M. Strikman, and V. Guzey, arXiv:1310.5879.



H. Honkanen, M. Strikman, and V. Guzey, arXiv:1310.5879.

Two effects are included:

¢ Binding effect on the scaling variable:

x,=x1+ry), x,=
1
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e QED effect on the nuclear PDFs:
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K. Kovarik et al. (CTEQ), arXiv:1307.3454 (DIS-2013)

K. Kovarik, T. Jezo, A. Kusina, F. I. Olness,
I. Schienbein, T. Stavreva, J. Y. Yu,
Charged lepton DIS + Drell-Yan
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Summary on nuclear-PDF determination

Global analyses for the nuclear PDFs
by using data of charged-lepton, neutrino DIS, pA, AA collisions

Valence quark: , in progress at JLab for large x
Antiquark: , in progress at Fermilab (E906) x=0.1 ~0.4.
Gluon: , LHC

Issues

e Charged-lepton DIS < Neutrino DIS
 Matching with resonance model
e Gluon distributions
New data
e JLab, Fermilab-DY, Minerva, LHC, ... (J-PARC high-momentum?)

Large grant was approved for neutrino-research activities
in Japan from 2013.
We hope that we answer some of these issues in the near future.




The End

The End



