PR12-24-001: Measurement of the Nuclear
Dependence of R=o,/c+ in Semi-Inclusive Deep
Inelastic Scattering
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PR12-24-001: Nuclear Dependence of R in SIDIS

Goal: Directly measure the nuclear dependence of
R=c/ot in semi-inclusive DIS

- No existing measurements of nuclear
dependence of R in SIDIS

Potential impact on SIDIS results (dilution factor
for polarized targets)

Potential impact on measurements of hadron-
attenuation

Exploratory measurement to determine if more
comprehensive program merited

N2 N 7

Experiment. Measure cross sections and ratios for

H, D, C, Cu targets at 3 beam energies

- Allows LT separation

- E12-06-104 (R in SIDIS on H and D) in Hall C
experiment scheduled for CY2025.

- PR12-24-001 with E12-06-104 at select

kinematics adding nuclear targets (2C and %4Cu).
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A SLAC E140: Nuclear Dependence of R in DIS
B PR12-24-001: Nuclear Dependence of R in SIDIS
(projected precision)
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Beam time request: 5 days



R=GLIGT In SIDIS

Semi-inclusive DIS a key part of the JLab 12 GeV program
- One-dimensional polarized and unpolarized PDFs
—> Three-dimensional hadron structure via TMDs

Naive quark model:

do(z,Q?,
O'(ZCdZ Z) _ ;%CIJ”(%QQ)D?(Z)

Actual dynamics and cross section more complicated —
contribution of longitudinal photons cannot be ignored

o ~ Fyur +HeFuur + /2e(1 + €) cos ¢y, F{}Cﬁ% + € cos 20y, F{ﬁ?%h

Longitudinal contribution from higher order interactions. _ 2 2 2 2 2
Simple estimate relates to quark transverse momentum I = 4(M "+ kT)/(Q + 2kT)

Jeffégon Lab F.E. Close, An Introduction to Quarks and Partons, 1979 3




Rgipis IN Nuclel
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R in DIS and DVMP
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e E12-14-002 (C,Cu,Au)
E04-001 (C,Fe,Al)

A SLAC E140 (Fe)
SILAC E1|40 (Au)I
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Few direct measurements (via LT separation) of nuclear
dependence of R in inclusive DIS
- Hall C E12-14-002 will provide additional

measurements over large phase space for C, Cu, Au
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Nuclear dependence of R in Deeply Virtual n+
Production measured as part of 6 GeV

measurement of pion color transparency
[X. Qian et al. PRC 81:055209, 2010]

Measurement of nuclear dependence of
Rsipis will provide important bridge
between inclusive and exclusive regime




Experiment

Experiment will measure semi-inclusive n+ (and =-)

production from C and Cu

- Opportunity: Run with E12-06-104 to allow easy
comparison with SIDIS from H and D

- Exploratory: Will only take data at subset of E12-06-104
kinematics

Beam energies = 6.6, 8.8, 11 GeV (3, 4, 5 pass)

Standard Hall C equipment:

Electron arm: High Momentum Spectrometer (HMS) NN e . =
- This experiment: P=1.27-5.67 GeV, 6=10.5 to 45.41 deg. \ :
Pion arm: Super High Momentum Spectrometer (SHMS)
—> This experiment: P=1.59-4.53 GeV, 6=6.3 to 15.96 deg.

HMS+SHMS provide excellent control of point-to-point systematics — crucial for LT separations

.Cl,effzgon Lab 6



E12-06-104: Measurement of Rgp;s

E12-06-104: Measurement of the Ratio R=c, /ot in Semi-Inclusive Deep-Inelastic Scattering

Almost no existing data on R=c/c7in SIDIS (p and n) R =oci/orin SIDIS (ep > e'n*"X)
- Limited data from Cornell 05 ¢

[Bebek et al, PRL 34, 759 (1975), PRL 37, 15625 (1976), PRD 15, 3085 (1977)] i ‘ |
a5 [ S G~ ——
R s R S o

E12-06-104 is will make precise measurements of Rgpisin oL
e+p > e+r+X, e+D 3 e'+x+X e

0.2 04 0.6 0.8
L-T separation requires excellent understanding of 05 “
acceptance, control of point-to-point systematic errors : +£

0.25 L/

—> Ideally suited to Hall C equipment at 12 GeV S ﬁ J( *\ """""" boooes -

o b

7 |
1. Scansinzat Q2=2.0(x=0.2)and 4.0 GeV2 (x = 0.4) > ! L cewe °
behavior of ¢;/o7 for large z. i ‘

2. Cover Q2=1.5-5.0GeV?, > bothHandDat Q2=2Gev2 ™|
3. prupto~1GeV. * 0 HH ,,,,,,,, T — O — T —

Expected to run in 2025 ¥ R

P2 (GeV/c)

.geffézgon Lab



E12-06-104:

Detailed Kinematics

Data for n+
and n- from
proton at all
settings

Data from
proton and
deuteron at
x=0.2

.geffézgon Lab

X Q? z Opq Targets Eveamn €
(GeV?) (degrees) (GeV)
0.2 | 2.0 | 0.3,0.4,0.5,0.65,0.85 0.0 LH2.LD2,C,Cu | 6.6 | 0.34

0.3,0.4,0.5,0.65,0.85 0.0 LH2,LD2,C,Cu | 8.8 | 0.66
0.3,0.4,0.5,0.65,0.85 0.0 LH2,LD2,C,Cu | 11.0 | 0.80

0.4 | 4.0 0.3,0.4,0.5,0.65,0.85 0.0 LH2,C,Cu 6.6 | 0.31
0.3,0.4,0.5,0.65,0.85 0.0 LH2,C,Cu 8.8 | 0.65
0.3,0.4,0.5,0.65,0.85 0.0 LH2,C,Cu 11.0 | 0.79

03 | 3.0 05 22.0.0.0.5.0.10.0.15.0,20.0 LH? 6.6 | 0.33
0.5 -2.0,0.0,5.0,10.0,15.0,20.0 LH2 8.8 0.66

0.5 -2.0,0.0,5.0,10.0,15.0,20.0 LH2 11.0 | 0.88

0.15 1.5 0.5 0.0 LH2 6.6 0.35
0.5 0.0 LH2 8.8 0.67

0.5 5.0 0.5 0.0 LH2, C,Cu 6.6 0.30
0.5 0.0 LH2, C,Cu 8.8 | 0.64

0.5 0.0 LH2, C,Cu 11.0 | 0.79

This experiment:;

Bold = kinematic settings for measurements with C and Cu targets (n+ only)

Bold, red = kinematic settings for measurements with C and Cu targets (n+ and =-)




E12-06-104:

Detailed Kinematics

Data for n+
and n- from
proton at all
settings

Data from
proton and
deuteron at
x=0.2
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X Q? z Opq Targets Eream €
(GeV?) (degrees) (GeV)
0.2 | 2.0 |0.3,0.4,0.5,0.65,0.85 0.0 LH2,LD2,C,Cu | 6.6 | 0.34

0.3,0.4,0.5,0.65,0.85 0.0 LH2,LD2,C,Cu | 8.8 | 0.66
0.3,0.4,0.5,0.65,0.85 0.0 LH2,LD2,C,Cu | 11.0 | 0.80
0.4 | 4.0 0.3,0.4,0.5,0.65,0.85 0.0 L2,C,Cu 6.6 | 0.31
0.3,0.4,0.5,0.65,0.85 0.0 LH2,C,Cu 8.8 | 0.65
0.3,0.4,0.5,0.65,0.85 0.0 LH2,C,Cu 11.0 | 0.79
0.3 3.0 0.5 -2.0,0.0,5.0,10.0,15.0,20.0 LH2 6.6 0.33
0.5 -2.0,0.0,5.0,10.0,15.0,20.0 LH2 8.8 0.66
0.5 -2.0,0.0,5.0,10.0,15.0,20.0 LH2 11.0 0.88
0.15 1.5 0.5 0.0 LH2 6.6 0.35
0.5 0.0 LH2 8.8 0.67
0.5 5.0 0.5 0.0 LH2, C,Cu 6.6 0.30
0.5 0.0 LH2, C,Cu 8.8 | 0.64
0.5 0.0 LH2, C,Cu 11.0 | 0.79

Goals:

1. Measure nuclear dependence of Rgps for range of x at fixed z

2. Measurement for range of z for at least one x
3. Both n+ and &- for (part of) z-scan
4. Multiple values of A to explore nuclear dependence

- Low x: no or small nuclear effects (inclusive), Large x: EMC region




Rate Estimates

Rate estimates based on parametrization of Hall C =+ and
n- SIDIS data taken at 10.2-10.6 GeV

- Developed by Peter Bosted for analysis of
o E12-09-017 (“Transverse Momentum Dependence
of Semi-Inclusive Pion Production”) and
o E12-09-002 (“Charge Symmetry Violating Quark
Distributions via Precise Measurement of r+/11—
Ratios in Semi—inclusive Deep Inelastic Scattering”)

Hadron attenuation effects estimated using ad-hoc fit to
HERMES results of the form

RZ — N()Za(l — Z)B

Fit A dependence of (Ng, o, B) to extrapolate to C and Cu
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Beam Time Breakdown

Q2 (GeV)?2 Target | Time (n+) | Time (n-)
Targets: (hrs) (hrs)

C =3% RL (1.28 g/lcm?) 0.3-0.85 0.34, 0.66, 0.80 15.3
Cu =6% RL (0.77 g/cm?) (0.4-0.65)
Beam currents: Cu 19.1 13.5
lboar = 25-50 A Subtotal (x=0.2)  34.4 23.3
o 0.4 4 05  0.31,065079 C 7.3 i
Statistics:
x=0.4, 0.5: 10k events U 125 '
x=0.2: 5k events for low z Subtotal (x=0.4) 20.2 -
10k events z=0.85 0.5 5 0.5 0.30,064,079 C 14.5 ,
Cu 16.4 -
Subtotal (x=0.5)  30.9 -
Total Production Time 85.5 23.3

.geff;Zon Lab 11



Projections: R,

1.0 0.5
— Ropss — Ropss
§ x=02,Q2=2.0 GeV? (n*) 041 §F 2z=0.5
0.8 §  x=0.2,Q?=2.0 GeV? (") '
0.3
§ 0.6 §
f 5 0.21
x 0.4 } ] ] QHC
| | | 0.1
0 1T 1 1 I ool
' Rpis from fit to inclusive
0.0 - - - - - - - - -
0.2 0.4 0.6 0.8 1.0 0'1()_1 0.2 0.3 0.4 0.5
Z X

Projected uncertainties for R=c,/c1 assuming point-to-point systematic uncertainties of 1.6%
- 1.9% achieved in 6 GeV era, but expect improvement due to superior performance of SHMS
—> Scale/normalization uncertainties (overall target thickness, etc.) cancel in L/T ratio

Projections apply for both C and Cu targets
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Extraction of R,-Ry

Ultimate goal is to extract nuclear dependence of R in

SIDIS

- Rather than comparing R, to Ry directly, precision
can be improved by looking at € dependence of
target ratio

-> Point-to-point systematic uncertainty should be on
the order of 1% for target ratio

Requires measurement/knowledge of Ry, but since
absolute value is small, not a large contribution to
overall uncertainty
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Example: Ry-Rp from SLAC E140 (inclusive DIS)

a1.05

GA/G

0.95

0.9

0.85

R,-Rp = -0.018 +/- 0.059

P AT (T NI NI N N T ST TR NN R
0 0.1 0.2 /Q/:s 0.4 05 0.6 0.7 0.8 0.9 1
e'ze/(1+eRp)

Slope = Ra-Rp



Projections: R,-Ry

| ¢ x=0.2,Q%=2.0GeV? (n+) | ¥ 2z=0.5
0.4 F  x=0.2,Q?=2.0 GeV2 (n~) 0.4 { E140,RA—Rp
0.2 0.2 }
; RN, ; |
oot R S
o o
—0.21 —0.21
—0.41 —0.41
0.2 0.4 0.6 0.8 1.0 0.1 0.2 0.3 0.4 0.5 0.6
Z X
For reference: E140 measurements of Ry-Rp
Projected uncertainties apply for both C and Cu for Fe
- Multiple Q2 at each x

Beam time for these measurements = 5 days
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A-Dependence of R,-Ry

— Can use C and Cu results to
examine A dependence

- Expected uncertainties
comparable to multi-experiment
extraction from C, Fe, Au targets

- Common ~1% normalization
uncertainty for all SIDIS points
from LH2 target thickness

.geffc;gon Lab

0.10

A 4 B PR12-24-001 projected uncertainties (SIDIS)

0.05-
0.00

& —0.05-
—0.101

—0.151

—0.20

1 red HEHH B A

Ra — Ry (SIDIS, x=0.2)
Ra — Ry (SIDIS, x=0.4)
Ra — Ry (SIDIS, x=0.5)
Ra— Rp (DIS, x=0.5, Q?=5)

10t 102
A

Extraction of Ry-Rp from multiple DIS experiments
(JLab, SLAC E140 + E139)
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Coulomb Corrections

Coulomb corrections will play a role in this experiment

and must be included in the analysis

—> Electrons: will use same technique (improved EMA) as
described in E12-14-002. Note that there are plans to
test the improved EMA further using positrons (E12+23-
003)

- Effect is £ dependent since electron momentum is lower
at low ¢

Will also need to address acceleration/deceleration of

pions due to Coulomb field. This is included in Hall C

simulation package (SIMC)

- This effect should be mostly ¢ independent since the
pion momentum is the same
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SLAC E140 (inclusive DIS)

R,-Rp =-0.018 +/- 0.059

No Coulomb Corrections

Ao E140 Fe Q%=5 GeV?

PR N IS Y ST S N ST S

0 01 02 03 04 05 06 0.7 08 09 1
e'ze/(1+¢Ry)

R,-Rp = -0.051 +/- 0.056

e

with Coulomb Corrections

Ao E140 Fe Q%=5 GeV?

PR I N I I S | | |

0 01 02 03 04 05 06 0.7 08 09 1
¢'ze/(1+¢R)
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Alternate or Additional Measurements

Proposal readers inquired about possible measurements of
the pr dependence of Rxy-Ry

- E12-06-104 proposal includes a pt scan at x=0.3, Q2=3
GeV2 up to pt ~ 0.9 GeV (with limited ¢-dependence)

- Adding these kinematics for the C and Cu targets is
possible and would require an additional 2.5 days

.geffézgon Lab

Ra— Ry

0.4 § x=0.3,2=05
0.2

off o
~0.2"
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pr (GeV)
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Alternate or Additional Measurements

Proposal readers inquired about possible measurements of 0.4 ; 0 setea
the pt dependence of Ra-Ry o
0.2

- E12-06-104 proposal includes a pt scan at x=0.3, Q%=3 oli . O*} _______ {{}{» _____ {» __________ { __________ {»

GeV2 up to pt ~ 0.9 GeV (with limited ¢-dependence) =
- Adding these kinematics for the C and Cu targets is ~0.2

possible and would require an additional 2.5 days o

0.0 0.2 0.4 0.6 0.8 1.0

pr (GeV)

BUT:
« E12-06-104 is scheduled to run in 2025, just after the LAD experiment E12-11-107 ("In Medium

Nucleon Structure Functions, SRC, and the EMC effect")
* |IFF PR12-24-001 is assumed to opportunistically run intermixed with E12-06-104
- The scheduled E12-06-104 kinematics are restricted to those compatible with LAD
- LAD requires a special scattering chamber configuration
- This implies the maximum accessible SHMS angle is ~ 20 degrees
—> This limits the pt acceptance for the R in SIDIS scan at x=0.3 to ~0.3 GeV
—> This then translates into requiring an additional 1 day for the nuclear targets
- Pending PAC feedback, one could potentially swap this extra day with the x = 0.4 measurement.

.geffezgon Lab
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Summary and Beam Time Request

In addition to production data-taking additional

time requested for target changes/motion

- 10 minutes per target change, 2 target changes aHpceucionieata 222
for 30 settings (10 hours) - production data 23.3
- No time requested for kinematic changes — this Target changes 10
is already included in E12-06-104 beam time Total 118.5 (5 days)

5 days of running in conjunction with E12-06-104 will allow an exploratory measurement of the

nuclear dependence of R=c, /o7 in SIDIS

- Important for interpretation of SIDIS and hadron attenuation measurements

- Constrain possible initial state effects in nuclear SIDIS — complementary to planned
measurements of R,-Rp in inclusive scattering and existing measurements in exclusive reactions

- Non-zero R,-Ry can point to novel nuclear effects — motivating follow-up measurements

- Would appreciate feedback from PAC on priority of p; dependence vs. x = 0.4 measurements

.geffgon Lab 19
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EXTRA
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Theory Advisory Report

The proposal aims to explore the nuclear dependence of the ratio R = oL/oT in Semi- Inclusive Deep
Inelastic Scattering (SIDIS). The plan is to conduct measurements using carbon and copper targets to
determine if there is a significant nuclear dependence for R, which is crucial for interpreting SIDIS
measurements and studying quark hadronization. The proposal points out that in most SIDIS
measurements of the past R has been assumed to be the same as for inclusive DIS.

The proposal highlights a critical gap in experimental data concerning the relative contribution of
longitudinal photons in SIDIS, one which impacts the accurate interpretation of SIDIS measurements.

The proposal notes that while data for protons and deuterons will be gathered through experiment
E12-06-104, there is a lack of data for heavier nuclei like carbon and copper. The new work aims to fill

this gap by making limited exploratory measurements to detect any nuclear dependence for R in
SIDIS. Quantifying a nuclear dependence of R in SIDIS could lead to new insights into the initial state

effects or the presence of e-dependent backgrounds with nuclear characteristics.

.!effezon Lab
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Direct Measurements of Nuclear Dependence of R

“Given the dearth of R measurements and the N; g I
importance of studying its nuclear dependence, is there a v g | " PR12:24-001(SIDIS: C.Cu)
O
way to also compare to the measurements from E12-14- 57
002 and E04-001 in addition to the comparisons you & Y
show with the SLAC E140 data?“ 3
Inclusive measurements: e
SLAC E140: published 1994 27
JLab E04-001: preliminary results, mostly resonance os eoe /4
region ° e E12-14-002 (C,Cu,Au)
JLab E12-14-002: Hall C, will possibly run in next few 1 eececea E04-001 (C,Fe,Al)
09 - A SLAC E140 (Fe)
years gg - | [ ' SLAC E140 (Au)

0O 01 02 03 04 05 06 07 0.8

X
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R,-Rp: E140 Re-analysis

Re-analyzed E140 data using Effective Momentum
Approximation for published “Born”-level cross

sections
—> Total consistency requires application to
radiative corrections model as well

Including Coulomb Corrections yields
result 1.5 o from zero when averaged
over x
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! Ra-Rp = -2E-4 +/- 0.02

I

______________ +I

- 1 1 1 lDasuetall
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RA-RD =-0.03 +/- 0.02

_— | | | Dasu et al - with CC

0 01 02 03 04 05 06 0.7 08 09 1
X
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Hall C: HMS and SHMS

Spectrometers

HMS:

dQ ~6msr, P=0.5-7 GeV/c
00=10.5 to 80 degrees

e |ID via calorimeter and gas Cerenkov

SHMS:

dQ ~4msr, Pp=1- 11 GeV/c
00=5.5 to 40 degrees

e ID via heavy gas Cerenkov and
calorimeter

Excellent control of point-to-point systematic uncertainties
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