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Motivation
(on Fermilab topics)



Quark substructure?

Difference between theory and experiment

Comparison of theoretical calculations

% Difference
B &

with CDF experimental data.
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CDF experiment: PRL, 77 (1996) 438.

p+p—jet+X

Js =1.8 TeV, E*=15-400 GeV

New physics ???

A/Could be explained

without new physics
(importance of accurate PDFs)

JET cross sections are ‘“‘explained”
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by the CTEQ6 PDFs.
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Lepton + dijets at CDF 1. Aaltonen, ez al.,
PRL 106 (2011) 171801.
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Because the CDF excess is in the shoulder region
E of the cross section, a change of a PDF may
-,,.._.h..“. explain the excess.
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Our consideration

One of subprocesses
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A.D. Martin, W. J. Stirling, R. S. Thorne,
and G. Watt, Eur. Phys. J. C63 (2009) 189.

For calculating the cross section,

accurate parton distribution functions (PDFs) need to be supplied.

\/E /2=1.96/2 TeV =1 TeV is transferred to

dijets with the energy 140/2 GeV =70 GeV

= parton momentum fraction x = 70/1000 ~ 0.1

According to the left figure, the PDF's seem fo be

determined well at x ~ 0.1.

= However, this is not the case according to

the HERMES collaboration.

The strange-quark distribution s(x) is not determined at all!

— Fit
-- CTEQ6L
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A. Airapetian et al. HERMES),

Phys. Lett. B 666 (2008) 446.
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PRD 89 (2014) 097101.

Our worKk is to investigate s(x) effects on the CDF W+2j.
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Flavor dependence of antiquark distributions

Gottfried sum: S, = J‘:% F(x)— F}” (x)] = % + %J‘: dx[ﬁ(x) —d (x)]

S; (experiment) = 0.235 £ 0.026

S. Kumano, Phys. Rept. 303 (1998) 183; 225
G.T. Garvey and J.-C. Peng, ) =
Prog. Part. Nucl. Phys. 47 (2001) 203; -
J.-C. Peng and J.-W. Qiu, L75 £
Prog. Part. Nucl. Phys. 76 (2014) 43. 15
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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)

- w=h

ion/E, (10 cm2/
vcrgss gcﬂg F%( 0™ c G.eV)
O N B O® 0O au N b

J.L. Hewett et al., arXiv:1205.2671,
Proceedings of the 2011 workshop

on Fundamental Physics at the Intensity Frontier

T2K systematic errors

v flux and

cross section \/ ND measurement 2.7%

v cross section due to difference of

nuclear target btw. near and far Sz
Final or Secondary 3.0% v interactions
Hadronic Interaction
Super-K detector 4.0%
total
w/ ND measurement 7.7%

A K.Ichikawa@KEK workshop 2015



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



Introduction to neutrino
deep inelastic scattering (DIS)



Deep inelastic scattering (DIS) V, ~200GeV

V. AN A

A nucleon is broken up
by a high-energy neutrino.

Hadrons are produced; however,
these are not usually measured.
(inclusive reaction)

W—l—

% N

Momentum transfer: ¢° = (k—-k')’ = -0’

Bjorken scaling variable: x =

Invariant mass: W? = p3 =(p+q)




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

=30 ~ 500 GeV

Huge Fe target (690 ton)
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Neutrino DIS experiments

e CDHS, H. Abramowics et al., Z.Phys. C 25 (1984) 29

e WA2S5, D. Allasia et al., Z.. Phys. C 28 (1985) 321

* WAS9, K. Varvell et al., Z.Phys. C 36 (1987) 1

* CDHSW, P. Berge et al., Z.. Phys. C 49 (1991) 187

* Serpukhoyv, A. V. Sidorov et al., Eur. Phys. J. C 10 (1999) 405
* CCFR, U.-K. Yang et al., PRL 86 (2001) 2742

* NuTeV/CCFR ptu-, M. Goncharov et al., PRD 64 (2001) 112006
e CHORUS, G. Onengut et al., PLB 632 (2006) 65
* NuTeV, M. Tzanov et al., PRD 74 (2006) 012008

* Minverva, in progress



Neutrino DIS experiments: kinematical range

Neutrino DIS
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S. Kumano, Nuclear Physics (in Japanese),
KEK Physics Series, Volume 2,
Kyoritsu Shuppan (2015)



Parton distribution functions
in the nucleon




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"8 f,(x,,0")
=, ®0(ab— cX)® D" (z,0%)

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

D"(z,0%):  fragmentation functions



Recent works on unpolarized PDF's

ABKM (Alekhin, Blumlein, Klein, Moch)
ABKM-2010, 2011, S. Alekhin et al., Phys. Rev. D 81 (2010) 014032; Phys. Rev. D86 (2012) 054009;
ABM-2014, S. Alekhin et al., Phys. Rev. D89 (2014) 054028.

CTEQ (Coordinated Theoretical-Experimental Project on QCD)
CTEQ6.6, P. M. Nadolsky et al., Phys. Rev. D 78 (2008) 013004.
CT10, H.-L. Lau et al., Phys. Rev. D 82 (2010) 074024.
CT12, J. F. Owens et al., Phys. Rev. D 87 (2013) 094012. CT14, S. Dulat ef al., arXiv:1506.07443.

GJR (Gluck, Jimenez-Delgado, Reya)
GJR-2008, M. Gluck et al., Eur. Phys. J. C 53 (2008) 355; PRD79 (2009) 074023;
JR-2014, Phys.Rev. D89 (2014) 074049.

HERA (H1 and ZEUS collaborations)
HERAPDF, F. D. Aaron et al., JHEP 01 (2010) 109: Eur. Phys. J. C73 (2013) 2311.

MSTW (Martin, Stirling, Thorne, Watt, L. A. Harland-Lang, P. Motylinski)
MSTW2008, A. D. Martin et al., Eur. Phys. J. C 63 (2009) 189;
MMHT2014, A. Harland-Lang et al., Eur. Phys. J. C (2015) 75.

Neural Network (Ball, Bertone, Carrazza, Del Debbio, Forte, Guffanti, Hartland, Latorre, Rojo, Ubiali, ...)
NNPDF2.0, R. D. Ball et al., Nucl. Phys. B 838 (2010) 136; B855 (2012) 153;
B867 (2013) 244; B874 (2013) 36; B877 (2013) 290; JHEP 04 (2015) 040.



Parton distribution functions are determined by fitting various
experimental data.

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

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

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

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 , )_ .-z Vv 4pop+X

M =1+Q21/M%V % u(k’ A% y* A=y ) uk,A) <X1J 1 p,A,> v,

do _ G} k’ v
iEdq — vy g W

LY = S[k”k'v +k'k'" — g™k -k’ +i8‘wpokpk;:| where g),, =+1

- q"q" 1 P q v P°q i .
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N J
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M x
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5 3P+ F3P) = u,+d,+s—5+c—c

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

Valence: also I, at large x



Sea quark

e/u scattering

_F+F _x

FN
2 2 2

[g(u+ﬁ)+%(d+J+s+§)+g(d+c7)+%(u+ﬁ+s+§)]=§[§(u+ﬁ+d+3)+%(s+§)}

x[5 1 SR ]S 2 roo 3 A
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d, w
Drell-Yan (lepton-pair production) (q2)>wuvv\.<
d1 3
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do o< q(x,)q(x,)+q(x,)q(x,)

at large x, =x, —x,

/ \ dG“qV(xOQ(xz)
projectile target /

g(x,) can be obtained if g, (x,) is known.



Gluon
scaling violation of F,
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s(x) from neutrino-induced opposite-sign dimuon events

Vi s (d) A. Kayis-Topaksu et al., NPB7 98 (2008) 1.
U. Dore, arXiv: 1103.4572 [hep-ex].

' jdxx [s(x,0")+5(x,0%)]
jdxx [u(x,0%)+d(x,0%)]

0 =20 GeV>
CCFR, NuTeV

vV, V

>

E =30 ~500 GeV

Experiment K

This analysis 0.33=0.07
CDHS [1] 0.47x+0.09
CCFR [2] 0.44=0.09

CHARMII [3] 0.3940.09
NOMAD [4]  0.48+0.17
NuTeV [5] 0.38 £ 0.08

Y /4

Issue: nuclear corrections

L

L (QY=2.5 GeV> = HERMES with FFs from DSS |

___ Fit -

-.-. CTEQ6L
e — .. XUE)H(X)
........... CTEQ6.5S-0 -

1 1

HERMES semi-inclusive measurement Huge Fe target (690 ton)
¢ = — Fi
D>:’°'4__ --- CTEQSL ] =
_ y — . x(E(x)+d(x)) TQ’
02 04 -
(1] i 1—&"""""'"""""":"' \_\_’ """ .
002  od 06 0.2 i
¢ ) A. Airapetian et al., \ i
PLB 666 (2008) 446. 0 i
0.02

0.1 0.6

" PRD 89 (2014) 097101. X



Strange-quark distribution with LHC measurements

S. Alekhin et al.,

PRD 91 (2015) 094002. g
@1.4
1.2
Neutrino: s+ W — ¢ 1

LHC: g+s—>W+c 08

2 2
uW=1.9 GeV',n=3

o ATLAS

ATLAS

CMS

Neutrino

NuTeV/CCFR + NOMAD + CHORUS
CHORUS + CMS + ATLAS

102 10

ATLAS and
CMS/neutrino
results are
different.




Situation of data for PDFs of the nucleon (CTEQ14)

ID# |Experimental data set Npe| x2 |x2/Ne| Sn

101 |BCDMS F} [24]|337|384| 1.14 |1.74

102 |BCDMS FZ [25]|250|204( 1.18 |1.80 CERN_BCDMS NMC
104 |NMC F2/FF [26]|123[133| 1.08 |0.68 ’

106 |NMC of, [26]|201|372| 1.85 |6.80

108 |CDHSW F§ [27]( 85 (72 [ 0.85 |-0.99

109 |CDHSW F¥ [27]] 96 | 80 [ 0.83 |-1.18

10 |cCFR FP ns)| 69 70| 102 |oas CDHSW, CCFR, NllTeV
111 |CCFR zF¥ [20]| 86 | 31 | 0.36 |-5.73 o °

124 |NuTeV vy SIDIS [30]( 38 [24 | 0.62 |-1.83 (v deep lnelaStlc)

125 |NuTeV ppy SIDIS [30]| 33 | 30| 1.18 |o.78

126 |CCFR vpuu SIDIS [31]( 40| 20| 0.72 |-1.32

127 |CCFR ppy SIDIS [31]) 38 [ 20 | 0.53 |-2.46

145 |H1o® [32]) 10 |6.8| 0.68 |-0.67

147 |Combined HERA charm production [33]| 47 |59 | 1.26 |1.22 HERA (NC, CC, Charm)

159 |HERA1 Combined NC and CC DIS [34]|579(501| 1.02 |0.37

169 |H1 Fy, [35]( @ (17| 192 | 1.7
ID# |Experimental data set Nyt X |G /Npt| Sa °
o[ Dt Yo o o usfue] oss [are Fermilab-E866 (Drell-Yan)
203 E866 Drell-Yan process, Opd,“ QUPP) [38][15| 13 | 0.87 |-0.25
204 |E866 Drell-Yan process, Q*Popy/(dQdzy) [39]|184|252| 1.37 |30
225 |CDF Run-1 electron A, pre > 25 GeV 40j( 11 |8.9] 081 [-0.32
227 |CDF Run-2 electron A, pre > 25 GeV [M1]| 11| 14| 1.24 [067 o
T ™ Py P P Tevatron (jets, W, Z)
240 |LHCb 7 TeV 35 pb~! W/Z do/dy, [43]| 14 (99| 071 |-0.73
241 |LHCb 7 TeV 35 pb~" A, pre > 20 GeV u3)| 5 53] 1.06 |030
260 |DO Run-2 Z rapidity [44][28 | 17| 059 [-1.71
261 CDF Run-2 Z rapidity [45][20| 48 | 1.64 |213 °
266 |CMS 7 TeV 4.7 b, muon A, pre > 35 GeV 46| 11 [12.1] 110 037 LHC (J ets ’ W, Z ’ Drell-Yan)
267 |CMS 7 TeV 840 pb—?, electron Ay, pre = 35 GeV [47]| 11 [10.1] 0.92 |-0.06
268 |ATLAS 7 TeV 35 pb~! W/Z cross sec., A ig)| 41| 51| 125 |11
281 |D@ Run-29.7 fb! electron Ach, pre > 25 GeV 15[ 13| 35 | 2.67 |3.11 Recent progress
504 |CDF Run-2 inclusive jet production [49]| 72 [105] 1.45 (245
514 |D@ Run-2 inclusive jet production [50{(110|120| 1.09 |0.67
535 |ATLAS 7 TeV 35 pb~' incl. jet production [51][90 | 50 | 0.55 |-3.59

538 |CMS 7 TeV 5 b incl. jet production 152](133|177| 1.33 |2.51




CTEQ14 CT14, S. Dulat ef al., PRD93 (2016) 033006

Functional form: Q, = (1.3)’ GeV’
xf (x,05) = x“ (1— x)* P(x)
used to be P(x) = exp(a0 +a,\x +ax+ asxz)

-
N
-
N

uxQ) Q=100GeV, 90%cl
CT14NNLO
CT10NNLO/CT14NNLO "

&(x,Q) Q=100 GeV, 90% c.L /

-
.

Expansion by Bernstein polynomials:
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Comparisons with various PDFs
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Nuclear modifications of structure function F,

Antl-sha(,iowmg Fermi motion

of the nucleon

S

1.2

08| © EMC/A E139 m JLab(W’>3GeV?)

o NMC « E665 = JLab (W2 <3 GeV?)

0.7 , ,
o.og(y 0.01 0.1 \ 1
Shadowin X Nuclear binding

D. F. Geesaman, K. Saito, A. W. Thomas, (.|. Nucleon modiﬁcation)
Ann. Rev. Nucl. Part. Sci. 45 (1995) 337




Binding and Fermi motion

Convolution: WNA N E jd"p S(p) W,x (Py>9q) N

%
A

S(p) = Spectral function = nucleon momentum distribution in a nucleus

¢,(p)| 8(p, — M, —&,)

In a simple shell model: S(p)= Z
i

Separation energy: &,

P =__vaV(gw _313“15”)

=¥

A 4 2p p
puv ..
Projecting out F,: FZA(x,Q2)=Zszﬁ(z)EN(x/z,Qz) b W =b

" o i ; a'td
gl el _4p f’ lightcone momentum fraction | =~

Myv p,-q/A p,/A T

q=v, 0,0, — V2+Q2)

Pq=pq +p q —p, -G, =p°q q+=_%, q—=—2V+ﬁMx=ﬁv>>M

0} (13)‘2 lightcone momentum distribution for a nucleon i

ﬁ(z):jd3pz 6(z— Z\I;‘{/j

N



.(p)’

FzA(x,Q2)=zjdzf,-(Z)FzN(x/z,QZ) ﬁ(2)=jd3pz6(z— A};c{/j

-

0 Y o
M il W DR W T L YT S S e S

7

M M,v M, M,v
0.98
If f,(z) were f,(z) = 6(z—1), there is no nuclear f(z) l
modification: F,* (x,0%) = F," (x,0?).
Because the peak shifts slightly (1— 0.98),
nuclear modification of F, is created. ] [020
E!(x,0°)=F)"(x/0.98,0%) \ 74
F'(x=061) _0.021_
For x =0.60, x/0.98=0.61 FZN(x=0.60)_ oo
F! I FE)
Fermi motion
X

L/

binding




Shadowing
e Shadowing means that internal constituents are shadowed

due to the existence of nuclear surface ones, so that the cross section

is smaller than the each nucleon contribution: 6, = A°c, (@ <1). A
¢ A virtual photon transforms into vector meson (or gq) states, which ¢ V, %
then interact with a target nucleus. JWC /4
q %
1 2v. 02 fm

Propagation length of V (¢gq): A= >2fm atx<0.1

‘EV—Ey‘=M3,+Q2 5 A

At small x, the virtual photon interacts with

the target nucleus as if it were a vector meson (or qq).

e Shadowing takes place due to multiple scattering.

For example, the vector meson interacts elastically with
a surface nucleon and then interacts inelastically with

a central nucleon.

A
Because this amplitude is opposite in phase to the one-step

amplitude for an inelastic interaction with the central nucleon,

the nucleon sees a reduced hadronic flux (namely the shadowing).



Nuclear
Parton Distribution Functions



Experimental data

(1) FZA/ F2D
NMC: p,He, Li, C, Ca 500
SLAC: He, Be, C, Al, ® NMC (K,YF,”) « HERMES
Ca, Fe, Ag, Au A SLAC O NMC (F,YF,") o
EMC: C, Ca, Cu, Sn . . ,
g % 4 © EMC W E772/E886 DY X
E665: C, Ca, Xe, Pb 1004 - , o g0
BCDMS' N. Fe | ¢ EO665 NMC (F, ;’sz,l Q’{% “ ® 88 ®)
T ol N X {g™ O g
HERMES: N, Kr z W BCDMS 8"8’3?:?8 0 8 88
+JLab data O EIC? | %0 ?é‘p 8‘@ 0Q, A
(2) F,A/F A f i - ooogg, Y op X
) ) o 10‘ O 0 QO S , 8}8‘ A
NMC: Be/C, Al/C, LHC | |RHIC | 80§ %g@ o 2 Sa
Ca/C,Fe/C, .8;._-8.8;;-;:8 2 o Q QA, A ada
Sn/C, Pb/C, ¢0 0 00 g Y -
< 8 2 A &
C /Li, Ca/Li Y %083 ' - A AtAA
O)Opi oy 0.001 0.01 T 1
E772: C /D, Ca/D, - " :
Fe/D, W/D X Fermilab JLab
E866: Fe/Be, W/Be -E906 -
Minverva




Current nuclear data are

kinematically limited.

0’ Q°
- 2p-q s

X

(@]
X =0.000050,i = 21 — . ‘+
2 ' .t x:().()()()()&().i:lﬂx - O ’0005 Hle'p
. Q 1 [_1:' 10° . -t x=000013,i=19 = ZEUS e*p
ﬁXed target: mln(X) = < . o":._ X =0.00020, i = 18
. x=000032,i=17 BCDMS
2MNElept0n 2Elept0n (GeV) 105 o’ : ot x =0.00050,i = 16
. 9 %) . an oot B NMC
> v? . X =0.00080,i= 15
lf Q h_E 1 GeV ‘::.o-"'" - x=00013,i= 14
"'-'.. x=00020,i=13
1 104 ’:-"_’,,. oy u(-x:]:;m n- ) F2 data
for Elepton (NMC) =200 GCV, mln(x) = m =0.003 . : I ..--n“.‘ ‘x':o’.(;;so‘.i;” for the prOton
500 103 P amnn 09 -" svawemwds X=00080.i=10 x O O 1 3
apu® ) — .
® NMC (K,YF,”) + HERMES L aneameeatameeates x=0013.i=9 |
. - e e A A o->® ¥ R wpouy X =0020,i=8
A sl\( o) I\‘A\I(, (.l'l"fl’l"') 5 1021 ] 0 eee® ": e :_ cewsehp assgyy  X=0032,i=7
1004 o o ey 8 U& : .’::,z g gtas,ne 4Lty ¢ x=0050i=6
b ® E665 NMC (F,"/F,P) KXo 88 0 10 ¢ sosibhialyi v, BAspseme ayendp w gy X=0080,i=5
hl> @ BCDMS 8 8 8 gg 2 0 0ee B e veo om Ma’Le u ¢ & 2 x=013i=4
@ O ' o EE & N am u sseq® o " X m S iz
& F, & Drell-Yan d ) & 8‘@ 00, 4 . Spenaeereng e p R P x=08i=3
-’ . (@] o *ts b aprnly - ! x=025,i=2
S 10 for nuclei g &}QPA : o, B B
§ gi?’;#llh . ;;"“.""::‘_ 2 .': P, x=040.i=1
- % AL 10 i
§ OA . i
A e ANRAL o M =
+ 088 f & . Y
1 _r SR : 10 HI1 PDF 2000 L x=06S,i=0 S
0.001 0.01 1 extrapolation X = 0.65 5
X 10 T
2 3 4 5
1 10 10 10 10 10

(from H1 and ZEUS, hep-ex/0502008)

region of nuclear data

Q% / GeV?*



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)
% A

i Zd(x)+ Nu(x)

, aw= T

- u?(x)

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

X Zu, (x)+ Nd,(x) - Zd, (x)+ Nu,(x)
ut (£) = w,, (x,4)  d(x) =, (x,4) 2L
A (x) i (x A) Zl_l(x)+ NE(x) 74 (x) o) (x A) ZJ(x)+ Nl_l(x)
g\’ A 4 g\’ A
54 (x) =W, (x,A)§ x)

g*(x)=w, (x,A)g(x) at 0°=1 GeV2(= Q%)



Nuclear modifications and constraints

f;A(xan)=wi(x9A)f;'(xaQ§) i=llv, dva u, da S, g

1 Ya. +b.x+ c,xz + d,x3 Note: The region x > 1 cannot be
wi(x,A)=1+(1— ) ! ’ ’

described by this parametrization.
A” (1-x)

_fv/ "X

A simple function = cubic polynomial

Three constraints

Nuclear charge: Z= Ajdx[ u —uA)—%(dA—JA)—%(sA—EA)}=Ajdx[§uf—ldj‘]
Baryon number: A= Ajdx[ w' - ')+ %(d“‘—ﬁ“‘)+%(s*‘—EA)}=AJ‘deu§‘+§df]
Momentum: A=Ajdx[u +iut+d*+d* +s"' +5' + g

=Ajdx[uf +d* +2(17A+JA +§A)+g]



Nuclear modification of PDFs |,

iy - E772
" EMC + E136 =) !

Ly > _ 47
% NMC «+ E665 | !95% o 1 . ‘”!ﬂ
-~ ool —;A 2 09 |
O D % a

N 09 ¢ 1 ‘ ©
Fe §§§ | . 08
0.8 |
0.7 , ,
% 0.001 0.01 0.1
0.001 0.01 0.1 1 \ / X
1.2
11/ Muclear modification in Ca
valence quark - *
a
antiquark =
Z 09
<
gluon &
=081
0.7 v ,
0.001 0.01 0.1 1



Recent global analyses on nuclear PDFs

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.
nCTEQ

e I.Schienbein, J.Y. Yu, C. Keppel, J. G. Morfin, F. 1. Olness, J. F. Owens,
Phys. Rev. D 77 (2008) 054013; D80 (2009) 094004;
K. Kovarik et al., PRL 106 (2011) 122301; PoS DIS2013 (2013) 274;
PoS DIS2014 (2014) 047; arXiv:1509.00792.
e Neutrino DIS, Charged-lepton DIS, DY.

DSZS12
e D.de Florian, R. Sassot, P. Zurita, M. Stratmann, Phys. Rev. D85 (2012) 074028.
e C(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;
C 90 (2014) 045204.
A. Bodek and U.-K. Yang, arXiv:1011.6592.



Functional form of initial distributions at Q>

Initial nuclear PDFs at
1
fA(x)= Z|:Z A+ A-2)f" (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?)

f;’A(x)=wi(xaA,Z)%l:Zf;p(x)'F(A—Z)f;l”(x)], W,-(x,A,Z)=1+(1_ 1 )ai+bix+cix +dx

i 1-x)"
o EPS09 (Q; =1.69 GeV?)
a, + (a, + a,x)[exp(—x) —exp(—x,)] (x <x, :shadowing)
fN4(x)= R (x) £ ™ (x,00), R (x) ={ 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?)

AxA—x)2e™ (1 +ex)" si=u,d

v

Ax (1-x)"+A+Ax)A-x)" :i=d/u

,g,l_t+¢7,s,§

xfiN/A (x) =

e DSZS12 (Q; =1.0 GeV?)
fiN/A (x) = RiA (x)fiMSTwzoos) (x,Qj), R:‘(x) =ex”(1- x)P 1+ e,1- x)P 1 + a,(1- x)%]

e 1+ax™

€ 1+agxa'§’
&= L+

R*(x)=R*(x)-=£
3 s R, (x) g ( )81 1+a,

R*(x)=R(x)



I. Schienbein et al.,

Analysis of CTEQ-2008 (Schienbein ef al.) PRD 77 (2008) 054013
Charged-lepton scattering

(a) 120

1.3
Differences pfiimeE, | staoMcpem |
from typical NPDFs. L }
(a] : r 1
— % I ,if‘éﬁgiéj . 7
& S T U
= 09} . 1 L/
o r"§~. .-.}/'
08}
o E 0'7(} ()tl ()TZ ()i}. ()tJ ()jS ()‘.6 0.7 ()tS ()59 1
— : : - S S X
i ; Pedesed SLAC/NMC - - . HKNO7 (NLO) 3
0.80 1 1 1 1 Ll 1 1 1 1 1 1 1l
ot ' Base-1 ¢ remove CCFR data
* incorporate deuteron corrections
Neutrino scattering Base-2 corresponds to CTEQ6.1M with s#sbar
3 * include CCFR data
[ mmmm== SLAC/NMC Charged-lepton correction factors are applied.
R Base-1 * s#sbar

Base-2

Base-2: Using current nucleonic PDFs,
they (and MRST) obtained very different
corrections from charged-lepton data.

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!?



N. Kalantarians:

Neutrino DIS < Charged DIS

N. Kalantarians on Nov.19 at Nulnt15

4 <Q?<8[GeV?]

MaGHIC Fe Fit
CJ12min CC
CJ12min e-
NuTeV
CCFR
CDHSW
EMC
E140
E129
NMC

IC e-

IC nu

IC nubar

sitall

Q.7

0.8

09

According to this analysis, both structure functions
are same except for the small-x region (x<0.05) !?




Our research in progress (M. Hirai, SK, K. Saito)

Fo e (x)/F,2(x)

HKNO7
+Neutrino DIS

0.95 /

0.9
0.85 |

0.8 -

0.75

0.01

1
0.1

< P R KP
0.85 : fobonfndoid

L.l SLAC/NMC - -

0'80 I 1 l 1 | - - l

lllllLLLLllLllL peardraglag

R
- HKNO7 (NLO)

LLLL

10"
X

We are getting a similar modification to the nCTEQ one.

=



Measurements by Minerva B. G. Tice et al., PRL 112 (2014) 231801

Mousseau@Nulnt15, Nov.19

Ratio of d-ic:*’—m Ratio of g:*’—m Ratio of d“—h:d"’—m
16 dx "~ dx 13 dx  ox 13 dx ~ ox
15 3120420 POT 3120420 POT 312e4+20 POT
N NOT Isoscalar Corrected C/C H l 12 NOT Isoscalar Corrected } 12 NOT Isoscalar Corrected l
T 13 - - 11 ! I |
0% U | x } X
3° 12 l 3° .Qg o
- ~ 10 -
M 2 | g | %
3 55 Fe/CH 5% Pb/CH
09f
s : 08
08 =4 Data 4= Data 4= Data
= Simutstion | = Simuistion | = Simuistion |
01 02 03 04 05 08 03 04 05 08 01 02 03 04 05 08
Bjorken x Bjorken x Bjorken x

Different shadowing from charged-lepton case?!




Recent analySiS by IICTEQ (2015): data Set K. Kovarik et al., arrXiv:1509.00792
Charged-lepton DIS

F2/FD : # data FA/FA . # data 3
Observable |Experiment ID |Ref. |# data |after cuts | x? Observable | Experiment | ID [Ref. |# data |after cuts x? 10 - v v
D NMC-97 s160[ [47) | 202 201 [2477 C/Li NMC-05,rc |5123| [49] | 25 7 522 xxx NMC
He/D Hermes 5156| [48] [ 182 17 18.02 Ca/Li NMC-95,re |5122| [a9] | 25 7 1.49 snm EMC
:3:%95;’;9 -':‘;"1‘ {:z} . I B Be/C NMC96  [s112| [62) | 15 14 7.25 #*s+ SLAC * !
AC- 5 o J J 2 . 1
LD NaCon aiis| 1) | 20 o st Al/C NMC-96  [s111| [62) | 15 14 1.98 10°H .+, BCDMS g A E
N Ca/C NMC-95,re |5120| [49] | 25 7 3.31 o b4
Be/D SLAC-E139 5138| [50) [ 17 3 0.44 NMO . . - Hermes o
c/p FNAL-E665-95 |5125( 52 | 11 3 | 353 NMC-a6 5119/ [62] | 15 S B ete FNALEG65 o Soodt 4
- - Fe/C NMC-96  [5143[ [62) | 15 14 10.38 —_ o X % KR
SLAC-E139 5130( [50) 7 2 1.15 ' - ee DY: FNAL x%x % -w
EMC.88 sw07| 53 | o o 706 Sn/C NMC-96  |[5150( [63) | 146 11 | 6295 A | KA " o B i »
EMC-90 si0| (54 | o 0 0.00 Pb/C NMC-96  [5116] [62] | 15 14 9.09 (3 10°F Iy :MEE- adtd
NMC-95 5113 [51] 24 12 7.39 Total: 206 202 109.85 ~ -:xl ’l" Jl ﬁ"z.
NMC-95,re 5114 [49] 18 12 13.36 P x b Lﬁf&!" F -~
N/D Hermes 5157| 48] | 175 19 | 1046 Q x X { Bl s !&/" ok o
BCDMS-85 s103) 55) | o 9 1.66 . " ’:‘r, ’?&,‘? . N R
Al/D SLAC-E049 5134 [56] 18 0 0.00 10 F lo w % o 3
SLAC-E139 5136( [50] 17 3 0.66 Dr ll ‘7 n PN ¢ g
Ca/D NMC-95,re 5121 | [49] 18 12 12.24 e - a * g
FNAL-E665-95 (5126 [52) | 11 3 4.87 ® o’
SLAC-E139 5140| [50] 7 2 1.43 . . . " ,/
EMC-90 s100( 54) [ 9 0 0.00 aBY /By : # data 107 F . * L 1
Fe/D SLAC-E049 5131| [57] 14 2 0.67 Observable |Experiment ID [Ref. |# data |after cuts | x? ot N ’ N
SLAC-E139 s132| [s0] | 23 6 8.20 C/H2 FNAL-E772-00[5203[ [64] [ o 9 [iL10 10" 10" 10” 10" 10°
SLAC-E140 5133 [58] | 10 o 0.00 Ca/H2 FNAL-E772-90|5204| [64 9 9 311
BCDMS-87 5101 [59) | 10 10 6.47 Fe/H2 FNAL-E772-90 5205 {64: 9 9 333 z
BCDMS-85 5102| [35] | 6 6 283 W /H2 FNAL-E772-00 5206 (64] | 9 9 7.30
Cu/D E::g'%ch _|prod] [eory 1o 9 a3 Fe/Be FNAL-Ess6-09 (5201 [65] | 28 28 [26.09
FMC“:;‘ ariot) f:g; {f_‘g} z 2 ;;": W /Be FNAL-Ess6-00 5202 [65] | 28 25 |25.61
L. - 2 B a1
Kr/D Hermes 5158| [48] | 167 12 9.68 Total: 92 92 |76.54
Ag/D SLAC-E139 5135( [50] 7 2 1.36
Sn/D EMC-88 s108| [53) | s s 17.88
Xe/D FNAL-E665-92 |[5127| [61] | 10 2 0.74
Au/D SLAC-E139 5137 [50) [ 18 3 1.55
Pb/D FNAL-E665-05 |5120 [52] | 11 3 5.01 14 ; ; ;
[Total: [ [ [ [ 1205 414 Ja17.02] . — nCTEQYS (Quad.)
13 O @ prENIX 2007 #°

U ¢ ¢ stnanor | o DIS: Q > 2 GeV and W > 3.5 GeV

Pion-production in dA o DY: 2 < M < 300 GeV
Riau/Rpp # data 1ol + + B e 7 production: pr > 1.7 GeV

Observable Experiment 1D Ref. |# data |after cuts | x? . 1
dAu/pp PHENIX PHENIX | [66] 21 20 5.07 - I ? ) !

STAR-2010 STAR [67) 13 12 1.30 o8t
[ Total: | [ 3¢ | 32 [e37] . ' | 2

12 14 16
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v-interaction collaboration at J-PARC

Toward Unified Description of Lepton-Nucleus Reactions

from MeV to GeV Region
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What's New

) Recent breakthrough measurements of Vv

e vl the neutrino mixing angle revealed that

+ oazorzo14 Pm“fs Wd 8, is non-zero, that opened a possibility

e O d of CP violation in the lepton sector. The
. . major interests of the neutrino physics is

e e now the determination of the leptonic

M ¥ CP phase and the neutrino mass

* SR hierarchy. To extract such neutrino

properties successfully from the data, a
precise knowledge of the neutrino-
nucleus reactions (Fig. 1) is becoming a
crucial issue. The kinematic regions
relevant to the neutrino parameter
searches extend over the quasi-elastic,

resonance, and deep inelastic scatterings (Fig. 2) regions. The objective of the project is to
construct a unified neutrino reaction model which describes the wide energy region by forming a
new collabotration of experimentalists and theorists in different fields.

Fig. 2. Kinematical region relevant to neutrino oscillation experiment

Fig. 1. Neutrino-nucieus reaction
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Nuclear antiquark distributions and Drell-Yan
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Fermilab-E906 in progress!



Summary on nuclear PDFs

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

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

Issues

e Charged-lepton DIS < Neutrino DIS
e Matching with resonance model, Q>— 0
e Gluon distributions

New experimental information
e JLab, Fermilab-DY, Minerva, LHC, ...



Tomography of the nucleon
and

exotic hadron candidates

SK, M. Strikman, K. Sudoh, PRD 80 (2009) 074003.

H. Kawamura, SK, T. Sekihara, PRD 88 (2013) 034010.
H. Kawamura and SK, PRD 89 (2014) 054007.

W.-C. Chang, SK, and T. Sekihara, PRD 93 (2016) 034006.



Wigner distribution and various structure functions

Wigner operator: w(k, ,k, ,F)= _[d§_d2§lei(§'k+_a'ml/_/(7 Ly EY 2)11/(7‘ +&/ 2)

Wigner distribution: W (x,k, ,7)= j
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Generalized Parton Distributions (GPDs)

q _ v~ y  q-4 A
P= ,A= ,_
A, ki~ 5 p'-p
k

k+A4 d . Q2
Bjorken variable 59—
2p-q

Momentum transfer squared 7= A’

= + o+ At
p \/ P=p+4  Skewdness parameter &= £2F

t =A 2 p + pl+ ™ 2P+
GPDs are defined as correlation of off-forward matrix:
dz Pz Tty b + s 1 — N — iG+aAa
J.Ee (P21 27 Y EIDIP) Lz = 5pr {H(x,é,t)u(p Yy u(p)+ ECx,e,0u(p)— u(p)}

Forward limit: PDFs  H(x,§,1),_,_, = f(x)

First moments: Form factors
Dirac and Pauli form factors F; F, jdx H(x,5,t)= F (1), de E(x,G,t) = F,(?)

Second moments: Angular momenta

Sum rule: J, = %jdxx[Hq (x,Et=0)+E,(x,Et=0)], J,= %Aq+ L,



Progress in exotic hadrons

qq Meson
q° Baryon

q*q* Tetraquark

q‘q Pentaquark
q® Dibaryon

q'%q e.g. Strange
tribaryon

gg  Glueball

2?7 LEPS
Pentaquark?

Kaonic nuclei?: KEK-PS, .

Strange tribaryons, ...
X (3872), Y(3940): Belle

uudds ?

K pnn, K" ppn ?
K pp?

cC
D’ (cu)D’ (cu)

Tetraquark, DD molecule |p*(cd)D(cd) ?
D.(2317), D ;(2460): BaBar, CLEO, Belle

Tetraquark, DK molecule |5

Z.(4430): Belle
Tetraquark, ...
P.(4380), P_.(4450): LHCb

D’ (ci)K* (us)
D*(cd)K’(ds) ?

ccud , D molecule?

ucudc, D(uc)X, (udc), D" (uc)Z,(udc) molecule?




Simple function of GPDs [# .-

M. Guidal, M.V. Polyakov,

f(x)F(t,x)| A.V.Radyushkin, M. Vanderhaeghen,

PRD 72, 054013 (2005).

Longitudinal-momentum distribution (PDF) for valence quarks: f(x)=¢,(x)=cx"(1- x)Pr

1
e Valence-quark number sum rule (charge and baryon numbers): J'O dxf(x)=n

o Constituent conting ruleatx —>1: B =2n-3+2AS

e Momentum carried by quarks (x j dx xf(x)

(n = number of constituents)

2

Valence-quark distributions
penta-quark .5 neeq - x)f

Parametrizations fitted

....... to experimental data
(0* =2 GeV?)

__ m: M. Aicher, A. Schafer, W. Vogelsang,
PRL 105 (2010) 252003.

p: A.D. Martin, R. G. Roberts,
W. J. Stirling, PLLB 636, 259 (2006)
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Two-dimensional form factor
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GPDs for exotic hadrons !?

Because stable targets do not exit for exotic hadrons,
it is not possible to measure their GPDs in a usual way.

— Transition GPDs
or
— 5§ & t crossed qunatity = GDAs at KEK-B, Linear Collider

e.g. at J-PARC e.g. KEK-B j

‘\g\ KEK BFactory. = = =,

A(1405) ===
K™ (us) + p(uud) = A, (uudus)+7y"

=~



Constituent-counting rule in perturbative QCD:
Hard exclusive processes a+ b —c +d

Consider the hard exclusive hadron reactiona+ b — c+d

M, .= jd [x,1d[x,1d[x 1d[x,1¢.(x . D¢,(x,DH, ([x,]1,[x,1,[x.]1,[x,1,0°)¢,[x, D, [ x,])
¢, = proton distribution amplitude, H,, = hard amplitude (calculated in pQCD)

Rule for estimating M

ab—cd

(1) Feynman diagram: Draw leading and connected Feynman diagram

by connecting n /2 quark lines by gluons.
(2) Gluon propagators: The factor 1/P’ is assigned for each gluon propagator.
n/2-1

There are n/ 2 —1 gluon propagators ~1/(P?)
(3) Quark propagators: The factor 1/P is assigned for each quark propagator.

There are n/ 2 —2 gluon propagators ~ 1/(P)"*>.

(4) External quarks: The factor JP is assigned for each external quark. "¢ gé Te
There are n gluon propagators ~ /P)". 99
1 1 Py 1 1 93
Ma —>C = n/2— n/2— (\/;)n - n— n/z— =5 n— p i nia— E
b—cd (PZ) /2—-1 (P) /2-2 (P) Z(P) /2-2 (P) 4 S /2-2 - g .
lal = 1 o
Cross section: O 2|Mab_m, =

dt  16xn’ SCN2

spol



A(1405): exotic hadron?

mass (MeV)
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Most spectra agree with the ones by a 3¢g-picture
e Only A (1405) deviates from the measurement.

o Difficult to understand the small mass of A (1405)
in comparison with N(1535).

— KN molecure or penta-quark (¢qqqq)?

Negative-parity baryons
N. Isgur and G. Karl,
PRD 18 (1978) 4187.
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Hyperon productions
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Exotic-hadron production 7~ + p — K’ + A(1405)

n=2+3+2+3=10 if A(1405) = three-quark state

=2+3+2+5=12 if A(1405) = five-quark state
(including KN molecule)

do,_. _const
diy m g STt

n=10 or 12

J-PARC (Japan Proton Accelerator
Research Complex)
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Prediction at high energies

>
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
~
§~
~

5q scaling

3qg scaling

2‘.5 3 3‘.5
s'? [GeV]

4

4.5




Summary on exotic hadrons in high-energy reactions

Since the quark and gluon degrees of freedom are relevant

in high-energy reactions, it could be a good way of studying
internal configurations of exotic hadron candidates.

Constituent-counting rule for exotic hadrons

High energies = Quark and gluon degrees of freedom
It is appropriate to use high-energy processes for determination
of internal configurations for exotic-hadron candidates.

GPDs and GDAs for exotic hadrons
3D structure of hadrons can be investigated by GDAs (s<).

Related experimental projects
J-PARC, KEK-B, Fermilab?, CERN-COMPASS, JLab, ...



The End

The End



