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Basics: Rosenbluth L/T Separations

» Separate L and T contributions to the total cross section by performing a fit of
the reduced cross section dependence with € at fixed x and Q?

d2

dQdE'

= T(07(x, Q%) + £0,(x, Q%)) =Top(1 + €R) & =1/ +2(1+""/ tan? (@ /)
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Fl(x! Qz) =

UT(XQ) F(x,Q%) =

47r2a (1+v2/Q2) [ or + UL]

0 do/(dQdE')/T
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Requirements for precise R—QL&I_. 20225 QP=1.900 ]
GT(xQ)ZS:_ ¢¢¢—
= As many ¢ points as possible spanning a mtercep& 26 o ¢ 3 |
large interval fromOto 1 - % :
= as many (E, E’, 0) settings as possible 24: e o, (x,0%) |7
22_11111111..11..1111.—
= Very good control of point-to-point systematics —> 0 02 04 06 08 1
1-2 % on the reduced cross section translates into g

10-15 % on F_ (or 0.02 to 0.04 on R=c, /o)
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Deep inelastic neutrino differential cross section are relatively well known.
The following are systematic errors in the high energy DIS total cross sections
for W>1.8 GeV (Bodek-Yang)

do(z/N) GIME
- Q+Q)|(1-fp)+ 3R], (31
and
do(VN ME
) 050t hg-2R]. )
How well do we source change | change | change | change
know these for (error) | ino, | ingy |inoy/o,
nuclear targets in
the resonance @ 0051 +L0% | +2.0% o
region? fa +5% | 0.1% | +14% | +2.1%

) Kazial : Kvector 1 50% +13% +19% +12%
If AR in a nucleus

Is 0.25 All these @ +3% +3% +3W3 Oro
errors go up by x5 Total +34% | 4.3% | £2.5%
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Practically no existing data on R ,

> F2A,

— Neutrino oscillation experiments Requires good models

for neutrino-A cross sections at low energy

At low Q? a model by Miller predicts
significant 4-dependent enhancement
in F; due to nuclear pions/mesons.
+0.25 increase in R at Q2=0.3 GeV2
Much smaller for Q2> 1 GeV2

This implies a reduction of
5% 1n neutrino and 10%

1n antineutrino cross section at
The region of the Delta (1238).

(In addition to the normalization
Uncertainty in F2).
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R, 1n this region is input for modeling neutrino interactions

G.AMiller, Phys.Rev.C64,022201(2001)
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6 GeV L/T separation program in Hall C

Experiment target(s) Wrange Q°range Status
E94-110 p RR 0.3-4.5 nucl-ex/041002 -- low Q
E99-118 p.d DIS+RR  0.1-1.7 PRL98:14301 -- low Q
E00-002 p.d DIS+RR  0.25-1.5  Analysis finalized-- low Q
Publication submitted
E02-109 d RR+QE 0.2 -2.5 Finalizing cross section analysis -- low Q
E06-009 d RR+QE  2.0-4.0 Cross section, F; finalized -- high Q

Non-singlet moments paper drafted.

E04-001 - 1 C,AlL Fe/Cu RR+QE 0.2-2.5 Finalizing cross section analysis (Next)
Phase I: low Q

E04-001 -1I C, Al Fe/Cu RR+QE 2.0-4.0 Cross section, RA-Rd
Phase II high Q finalized for most targets (This talk)

RR = Resonance Region
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Proton F, F , F, well measured at 6 GeV

DIS fit — "F2ALLM" H.Abramowicz and A.Levy, hep-ph/9712415
_EC and PE Bosted PRC 81 055213

Res fit -

0.25

0.25
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= Used to study Q-H duality, structure function moments, and input for

other physics studies

= Deuteron and nuclear target data of similar quality to study

=> - duality and QCD moments of neutron and p-n

- Modifications of F F. in nuclear medium
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Status of F; deuteron data

v EO6—-009 | = SLACE140 e SLAC Whitlow
A FOO-002 | » E99—-118 — New dg, fit

— Multiple new data sets
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|. EO0-002 (also proton data)

Il. E06-009

— Generally good agreement

between data sets, but some
. tension in fit.

fit is Weak-binding approximation

Smearing fit (proton input from

Christy-Bosted fit)

M.E.C, N. Kalantarians, J. Ethier, W. Melnitchoulk,
In preparatiion

— additional low Q2 resonance

region from phase-| (E02-109)
expected to be finalized Winter
of 2017.
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F_ R on Deuterium and heavier targets
JLab Hall C: E02-109, E04-001, E06-009

@ Precision extraction separated structure functions on:

d, Al, C, Fe/Cu

@ Search for nuclear effects in F|, R.

€ Study quark-hadron duality in separated structure functions

for neutron and nuclei.

THIS TALK

6/27/17
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F, A (R,) in Nuclei (E04-001)

Jupiter Collaboration

1.10
*Well known since the EMC
experiment that the nuclear 1.05
medium modifies nucleon
structure functions. 100
=)
~,0.95
[*9
- However, after 25 years S 090
the mechanism is sti/l not
fully understood. 0.85
. . 0.80 ,
- Is the effect different in 00 0.1 02 03 04 05 068 0.7 0.8 0.9 1.0
F,and F,? X

* The latter => nuclear dependence of R and F, !

Need to know if A dependence exists in F,
for full understanding of EMC effect.
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Most existing data at intermediate x from SLAC E140

(Dasu et.al Phys. Lett. D 49 (1993)

1.0

— Much of systematics drop out 2 M eans | % w02
in cross section ratio R Q%=1.0
0y iy
Reduction in errors in Ry-Rp °
0.8 1 1 1
0 05 10 05 10 05
€' g €'
o
m. L
m< 0 2 r
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h, Au Fe26 Feb6.0 Q7
r O A L 1.0
02 - O 1.5
v x 2.5
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Re-analysis of L/T separations (P. Solvignon, J. Arrington, D. Gaskell, ArXiv:0906.0512 )
including neglected Coulomb effects for electron entering and exiting nucleus

This is for Q2 = 5 GeV?2

No Coulomb corrections
o1.05

GAIG

09 | 4 E140Fe =5
v E139 Fe Q*=5
® HallC CuQ’=44.4

0.85 1 | ] 1 1 | ] 1

R,-R, = -0.035 +/- 0.047

AT

0 01 02 0.3 04 05 06 0.7 0.8 09
g'=el(1+eRp)
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0.85

With Coulomb corrections

R,-R, =-0.084 /- 0.045

a E140 Fe Q*=5
v E139 Fe Q°=5 R. <R.??
s Hall C CuQ*=4-4.4 A d

1 | | 1 | 1 | | |

01 02 03 04 05 086 0.7 0.8 0.9

1

£'=el(1+eR )
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E’ radiationEI
=] . | E
~1 THETA=18.02 DEGRBEES k
Need to know the Born cross -
- section precisely in the entire
e . . (a)
triangle in order to calculate thel -
EO radiation |  radiative correttjon R
=3 E k \ -
Bl E; E' \\/? m .
' l’:-_l . -:
(= ,r N Q
o= /” \\ =
s N =y
(b) EO radiation E\\ G 5
i
Lo ~ oy
—— =2 e BORN
EO radiation » ©
o E
‘_:;o‘ oo 2rag 4.00 6.00 2.00 €, :c’;giﬂ
Radiative corrections are a source of systematic error
Must be investigated carefully. (c)
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Final E04-001 Phase II °°Fe cross sections

(no Couloumb corrections)

— Example scans utilized in L/T

— Correlated systematics at bottom

— Red curve represents fit to global

Separations at Q> =2 near Delta(1232)

data set using p, n (d) fits as input.
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Example E04-001 Phase II L/T Separations

Note we now use O'Td /| o TA

LT Sep 32/55
I e W? =147 Q*°=2
— Example L/T Separations for '*C s oo
12—
: < [
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. isE
About 100 each for *Fe, *Cu o
11—
— Statistical + pt-pt systematic in shown _—
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The experiment also measures absolute 2xF,, F,, F, in the Res. Region
for several nuclear targets C, Al, Fe, Cu as well as R,-R,

To the MRST pQCD fit EMC effect corrections and isoscaler corrections are also added

1 ‘_| 02 = 0-9 (Gevz) l‘ """""""""""""" — Resonanoe 034 02 = 0.9 (Gev2) |J ......................... — Resonanoe
o | ' —— MRST(NNLO) I N R S —— MRST(NNLO)
- - —— MRST(NNLO)+TM L<|1_J » — ~——— MRST(NNLO)+TM

o
% 0.2 u 1
Al :
01:.._ .................................. ....................................................... r ..... l
N T B
0.2 0.4 X
X X
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S i 0.3F - !
TG =326 -~ R1998 - —— MRST NNLO
—— MRST NNLO 0
: MRBRST NNLO TM " 2— MRST NNLO + TM
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o
o 2 2
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FIG. 1: Fig.1 Extracted values of Rp and Fbp in fine bins of
W for three values of Q? compared to the theoretical expec-
tation for Rp from NNLO QCD, from NNLO QCD including
target mass corrections, and from a fit to the world’s previous
measurements of R for free protons (R199s8).
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Q?=2GeV?Results for R, -R, ando 4 /o A *C

Q*=2 GeV? Mo

25
W2 (GeV?)

f— v
; by i i

» Correlated systematics determined by shifting cross sections and repeating L/T separations
» Curve is fit to global cross sections with proton and neutron inputs

(M. E. Christy, T. Gautam, A. Bodek, in preparation)
> (note that QE has not been subtracted)
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Q>=2 GeV? Results for R, -R, ando, 4 /o A | *Fe

| 0¢0%25 GeV* oljo! LT Data |
hl h T T

.......

- - : . O I
W GeV? W GeV?

[ 00'¢2.5 GeV" Ry, - R, LT Data | [ 250785 GeV' R, - Ry L/ Data |

** 27A1 and **Cu coming soon
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R — R, :Compare to Fermi motion calculation Bodek and Cai

(to be published 2017) Uses effective spectral function (ESF):

simulates Psi scaling includes SRC

QEHRES with ESF. ESF 022 GeV2 Carbon RC-RD

2. A. Bodek, M. E. Christy and B, Coppersmith, Eur. Phys.

J. C (2014) 74:3001

High momentum components affect R

In @ nucleus
Quqv
pu = WI(V q )[guu - 2_2]

W2§;;q2) [ b= %‘Iu] [Pu - %qu]

W) = / W)

WQ(q v)l|o(k)] d°k

2M2
S(2 \_ 2 V' a kg \?
LR L (AT
kg
AM2q I2J|¢( )F &%

Ei
W) = W) 57 - g P

A. Bodek and J. L. Ritchie, Phys.Rev. D23, 1070 (1981).
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0.2 Blue — Simple W, W, smearing
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O Data ==pwoswwas) ~RINuP Tensor] ==RNuW Tensor

Green — Wpv tensor smearing
purple - Wpv tensor smearing

with off-shell correction (from Q2=0)
Blue — Simple W; W, smearing
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QE+RES with ESF. ESF Q2=2 GeV2 Carbon RC-RD

" Greer - Wpv tensor smearing Q2=2GeV2

0.2

0.1
2
$ 0
«
0.1
0.2
0.3
0 0.5 1 1.5 W2GeN2 2.5 3 3.5 4
® Data —R(W2Sw/W1S) ~—R(NuP Tensor) =——R(NuW Tensor)

Green — Wpnv tensor smearing

purple - Wpv tensor smearing
with off-shell correction (from Q2=0)

Blue — Simple W; W, smearing

Conclusion: Simple Fermi smearing
does not work:

Low Q2 analysis —coming soon

12C
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RC--RD

QF+RES with ESF (Q2=3 GeV2) Carbon RC-RD

03
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' { Green - Wpuv tensor smearing
01 { {
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{1
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Blue — Simple W, W, smearing
0.3
0 05 1 15 35 4 4
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QE+RES with ESF (Q2=4 GeV2) Carbon RC-RD
03
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RC-RD
Table 3. Sources of systematic error in the predicted in-

elastic contribution to the total cross section on iron (for
W > 1.8GeV). The change (positive or negative) in the neu-
trino, antineutrino and the oy /g, ratio that originate from a
plus one standard deviation change in the ratio of transverse to
longitudinal structure functions (R), the fraction of antiquarks
(fz), the axial quark-antiquark sea, and the overall normaliza-
tion of the structure functions (N).

souree change | change™| change | change

J(errﬁf ing, | inoy |inoy/o,
R 005 | +10% | 420% | +1%
fr w50 |07 | +14% | 42.1%
Kazial : Kvector 1 50% +13% +19% +12%
N % 3% | 0

=

Total +34% | £4.3% | £2.5%

QE+RES with ESF. ESF Q2=2 GeV2 Carbon RC-RD
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0.2 {
01 ﬂ {H ; {
. {y
2
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® Data  —Rw2Ssw/w1S) ~RINuP Tensor) ===R(NuW Tensor)
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3 1 1 T v T T
N, simearin
(=2 GeV 5 W0

meess

0
=
.
i

........................................................
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Future Plans

1. Publish higher Q? Phase II data. (Q*=2, 3,4 GeV?)
2. Study separation of QE and inelastic on R ,-R

3. Finalize low Q? Phase I data (Q?: 0.2 to 2.5) near end of 2017.
— adds additional ¢ points at 2 < Q? < 3
=> reduced systematics in higher Q? data
— allows study of Q* dependence for R ,-R
— Look for evidence of Miller's nuclear pions

4 Precise measurement of absolute W1 and W2 and ratio to Deuterium.
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Experimental Investigation of the Structure Functions of Bound Nucleons
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Are F,, F, and F, (or R) modified differently by the nuclear medium?

special thanks to

S. Malace, Jefferson Lab,

V. Mamyan,, University of Virginia,

I. Albayrak and M. E. Christy Hampton University
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Focus of this talk will be the 6 GeV program 1n JLab Hall C to separate all unpolarized
structure functions: F, F,, F,
Kinematic coverage: 0.3<Q? <4
W2 <4 (Resonance Region, RR)

Targets: proton, deuteron, 12C, *’Al, °Fe, ¢Cu
Electron scattering

d.QdE’ (Eo, E',0) = MLCOS (6/2) . l—y—Qz/(zlEg)
L-y+9*/2+Q*/(4E7)’

which in the limit of Q* << E? is approximately

x [Fa(z, Q?)/v + 2tan?(0/2)F(z, Q*)/M]

d*o 2(1-y)
;=T [or(2,Q°) + eo(2,Q%)] , - v_
d2dE Ty 1+
where
aKE’ ( 2 ) o, F 4M22? F
i R(z,0%) = = = (1 = —
A4m2Q%2FEy \ 1 —¢€ (2,Q%) o7 21,]:1( + Q? ) - 2 F,
K Q*(1—z) 2Mv—Q?
 2Mz  2M
_ R
€= [1+2(1+ 4]\.{2332)tan 5] :
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Electron scattering continued Neutrino Vector quark-hadron duality

i ions: Fa = 2z 2 ?)] and zF3 =
o Fy . 4M F, ing expressions: 7 = 2rg(z, @?) +7(z,Q?)] and 2Fs
Rz, Q%) =— = 1+ —1=—=  22[q(z.Q?) — G(z,Q?)]. We define Q = [ 2zfq(z, Q?)|d
@Q)= = r Ut ) 1=y, 200@) 7). We define @ = [y 2za(z, @))d
d’c”™”)  GEME
T MK drdy
1= 42T Mz y* 1+Q*/v°
_ vK(op +o7) . ([l_y(1+ﬁ)+?l+R(z,Q2)]f2
a2l + @‘%ng) = [y - %]1}'3). (48)
2,.2
.FL(IL’,Q2) =5 (1 + 4%22: ) — 2z F, .
d’c" GLME _
or 22 dzdy FW (Q(T,Q2)+(1—y)2Q(1,Q2)
— T _ 2 ¥ R(z,Q%
20 F) = F, (1 + 02 ) Fr(z, Q). B ?1+7:(1.’Q2)(Q+@
In addition, 22/ is given by N [_ A;zy . jgé/[; - (Q+5)). (49)
20F (2, Q%) = Falar, @) Sk LD |
T/, \x, = J2\T, 1+R(T,Q2) ? and
v 2 2 ,
or equivalently ﬁzy - CEXE (Qe,@%) + (1 - 1)Q(, Q%)
1+V2/Q2 o ﬁ R(I’QQ)
Wl(r, Q2) — W?(m’ QQ) X 1 +R(.T, Q2) 2 1+R(I.Q2)(Q+@

M Mzy/E _
- 2::y+1+7§gc{Q2) Q+9Q). (0)
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New Hall C data provides
15t determination of R,-R,
In resonance region

— Large # of data points
Comparable to E140

— Improved extractions
at Q2 < 3 in future
Including phase | data

Future studies:

- Duality in separated SFs
and EMC effect

- Moments of nuclar SFs

6/27/17
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Deep inelastic neutrino total cross section are relatively well known. The following are
systematic errors in the high energy DIS total cross sections for W>1.8 GeV (Bodek-Yang)

Integrating over y, The cross sections for neutrino (anti-
neutrino) can then be approximately expressed in terms
of (on average) the fraction antiquarks f7 = Q/(Q + Q)

in the nucleon, and (on average) the ratio of longitudinal
to transverse cross sections R as follows:

do(vN) N G ME
v~

@401~ +3/-5R]. ()

and

do(VN) G}ME (
dr :

With (R) = 0.2 and (fz;) = 0.1725, we obtain (g, /a,) =
0.487, which is the world’s experimental average value in
the 30-50 GeV energy range. The above expressions are
used to estimate the systematic error in the cross section

originating from uncertainties in R and f; (as shown in
Table 3).

0+Q[3(1-fg)+fg=5R]. ()

Table 3. Sources of systematic error in the predicted in-
elastic contribution to the total cross section on iron (for
W > 1.8GeV). The change (positive or negative) in the neu-
trino, antineutrino and the oy /o, ratio that originate from a
plus one standard deviation change in the ratio of transverse to
longitudinal structure functions (R), the fraction of antiquarks
(f7), the axial quark-antiquark sea, and the overall normaliza-
tion of the structure functions (N).

source change | change | change | change
(error) | ino, | ingy |inoy/o,
R 005 | +1.0% | +20% | +1%
fr +5% | 0.7 | +14% | +2.1%
Kazial a Kvector + 50% +13% +19% +12%
N +3% | +3% | +3% 0
Total +34% | £4.3% | £2.5%

We want to achieve similar precision in the resonance region (RR) on H, D and

nuclear targets, and also low Q inelastic,
6/27/17 A. Bodek, NUINT 2017 Toronto
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Fermi motion and off-shell corrections
to nucleons bound in nuclei

Arie Bodek and Tejin Cai
University of Rochester

A. Bodek, M. E. Christy and B, Coppersmith, Eur. Phys. Effacti | § .
J. C (2014) 74:3091 ective spectral runction

A. Bodek and J. L. Ritchie, Phys.Rev. D23, 1070 (1981).  Fermi-Motion in Nuclei

W. B. Atwood and G. B. \Vest-, PhyS.ReV. D7m 773 (1973): Fermi-Motion in Deuteron
&. B.West, Ann. Phys. (NY), 656 (1972).

A. Bodek, Phys. Rev. D8 (1973) 2331; A. Bodek et al., Phys. Rev. D 20, 1471 (1979).
- off-shell corrections
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Impulse approximation

p
q
p
7 Yk
) P

Fig. 1. 1plh process: Scattering from an off-shell bound pro-

ton of momentum P; = k in a nucleus of mass A. The
on-shell recoil excited [A - 1)* spectator nucleus has a mo-
mentum P34 = Ps = =k. The off-shell energy of the inter-

acting nucleon is B; = My — /(Ma_#)? + K = My -
v/(Ma-1+Ex)* + k%, where Ex is the excitation energy of
the [A - 1]* spectator nucleus.

F; = (Eiak) = (]\/I - G’k)
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Fig. 2. 2p2h process: Scattering from an off-shell bound neu-
tron of momentum P; = —k from two nucleon short range cor-
relations (quasi-deuteron). There is an on-shell spectator (A-
2)* on-shell nucleus and an on-shell spectator recoil nucleon
with momentum Py = k. The energy of the interacting off-shell

nucleus is EF (SRC) = Mp — /My + k* - ANE2
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The hadronic tensor for a target of mass M is given by: Equating the 33 (zz) component and also using equa-
tion 18 we get the following expression for the smeared

v
W;w =-W (V, ‘12) [guu - %] /0)/.
Wit 1 structure function W, e
V,q )
+ 2M2 [p# @ Qu] [Pﬂ - _‘1#] (16) ] NV’ k2q2 9
2 2 2
W2 (q ’V) = /W2(q ,Vw)[(;) (1_ lel |)

Where g, = (-1,-1,-1,41). 1

We use the Atwood-West[2] Fermi smearing formalism kT q 2 B 1\ 19
for electron scattering on deuterium which has been ex- 2 M2 | |2] l“b( )| — ( )
tended to neutrino scattering on nuclear targets by Bodek g
and Ritchie[3]. We starts with the following relation be- A

tween the hadronic tensor for a nucleus and the hadron
tensor of bound nucleons.

Wi(a*v) = Z Wi (@ v) + N Wi (@) (17)

WD) = [ Wanld ) (R &'

Equating the xx (11) components of the smeared tensor W3 q V) / Wl q Vu [ M M | |
we get the following expression for the smeared structure
function Wj.

For neutrino scattering one can derive[3] the following
expression for W.

]|¢ (k)P &k

W) = / W) (19

2
ST W(e, v (H)P &

Where, kp is the transverse momentum of the nucleon

with respect to the virtual photon = (1) direc
ion P P (g = = QS)A Bodek, NUINT 2017 Toronto



-

Identifying the bound structure functions as functions  gere p, = (E, k) = (M - ¢, k)
of (Q%, W') or equivalently (Q?, v,,) ensures energy conser-
vation. However, gauge conservation is violated. One can PP=F*-}? (20)
restore gauge conservation by adding off-shell corrections W2 = P +9P#q - O
to the structure functions, but there is no unique way of C :
doing it. The above expressions yield a non-zero value of v =Pixg/M = (B - |qlks) M

Rpucteus=01, /o1 at Q* = 0. Bodek (1973) showed intro- ) - W™ - P+ @
ducing an off-shell correction to W, (e.g. replacing v’ with N M
W _t_l}e _above_ equations) results' 1n gnudeuFO at Q2 = 0. . W2 - M?+Q?
v M
. . , SR v 212
We investigate three cases: (1) No tensor corrections, vy =V + H-M
(2) With tensor corrections using v/, and (3) Applying off- M
shell corrections by replacing v’ with v,, in the smearing
equations.
/ 2 )
S(2 ) — 2 v 2(1 3 i )
Wf(qQ,V) — /[Wl(qzan) W2 (q ,V) WQ(Q ,Vw)[(u) MV'lql
2 k% ' 2 3
+ 5 L Wa(e, )6k d% e LG

Our studies indicate:
(1) The tensor corrections are essential at all Q2.

(2), The, off-shell corrections are large at low Q2,,and are smaller at higher Q2. "



Relations of structure functions to QCD and quark distributions:
F2 is fundamental (not 2xF1)

Filko (2, Q) = Zie? [zqi(z, Q%) + 27 (z, Q)] .

Only F2 (not F1) is related to the sum of quark and antiquark distributions. At high
Q2 we use the variable x. At lower Q2, we include the target mass scaling variables

Q?
Mv[l1+/1+Q%/v?]

Erm =
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For neutrino structure functions, Quark-Hadron duality ( when integrated over
all v) is EXACT for the Adler sum rule down to Q2=0
only for the Structure Function F2.

F2 is the quark PDF distribution

In quark language the Adler sum rule is number of u quarks minus the number
of d quarks in the nucleonis 1. (2 up and 1 down). It uses F2.

The Adler sum rules are derived from current algebra and
are therefore valid at all values of Q2. The equations below
are for strangeness conserving(sc) processes.

Fyo (@) + / WEvestor (i, Q%)
- [ g @t =1

Where the limits of the integrals are from pion thresh-
old vy where W = M. + Mp to v = co. At Q? = 0, the

inelastic part of W~ vector goes to zero, and the sum rule
is saturated by the quasielastic contribution |Fy (Q?)|?.
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FL includes:

* The effects of gluon radiation (QCD) which dominate at high Q2.

* Target mass effects (+ quark transverse momentum) which dominate at high x
and intermediate Q2 (Jlab energy range).

* Higher twist effects which dominate near Q2=0.

In QCD 2XF1 is derived from F2 by the subtraction of FL.

AM 222

2z F1 = Fo (1 + 0?

) — Fr(z,Q%).

oy oL P AM?2? Fp
R =G =0ar 1t~ ) 1= %7

For a complete understanding of the origin of the nuclear effects in
electron scattering, we need to study nuclear effects in all three structure
functions F2, Rand F1 (and also in F3 if we include neutrino scattering).
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