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Overview

• Spectator Tagging – How and Why? 
• The Neutron at Large x
• The DEEPS experiment
• The “BONuS” Experiment
• BONuS12
• Other tagging experiments
• Conclusion and Outlook



What is Spectator Tagging?
• Study a reaction on a PART of a nuclear/nucleon 

target by observing, in coincidence, a ”spectator” 
correlated with that part (e.g., another nuclear 
fragment) to infer the initial state of the struck part.

• Examples: observe a protron in p(e,e’p)X to tag 
scattering on the virtual pion cloud; observe a nuclear 
fragment in A(e,e’A-1) to study bound nucleons; 
observe a proton in D(e,e’p)X to study the neutron.

• Advantages: Selectivity (“I didn’t scatter on the 
spectator”) and kinematic corrections (account for 
Fermi motion).



Correlations and Spectators
• “Short-Range” Correlations in Nuclei: high-momentum nucleon balanced 

by opposite momentum nucleon “nearby” (< 2 fm ≪ nuclear radius).
• Correlations in deuterium: 100% all the time (high or low momentum). 

Except for FSI, 2 nucleons are perfectly entangled → can infer initial state 
of one from measured final state of the other

spectator 

d(e,e’ps)X

pS = E S ,
pS( ) ; αS =

ES −
pS ⋅ q̂

MD / 2

pn = MD −E S ,−
pS( ) ;αn = 2−αS

W *2 = pn + q( )2 =M *2 +2 (MD −Es )ν −
pn ⋅
q( )−Q2

≈ M *2 +2Mν (2−αS )−Q
2

€ 

x =
Q2

2pn
µqµ

≈
Q2

2Mν (2−αS )

M *2 = pn
µ pnµ

…however, FSI must change this picture by 
necessity since “struck nucleon” is off-shell
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Application: Study neutron structure!
• d/u at large x: Neutron and proton related via isospin rotation

replace up ® dn and un ® dp => using experiments with protons and 
neutrons one can extract information on u, d, Du and Dd in the valence 
quark region: 

• Study Duality in both nucleons to understand its underlying cause.

• EMC effect: We can only gain high-precision understanding if we can 
compare the NUCLEAR structure functions to a prediction from PROTON 
and NEUTRON structure functions and a microscopic model of the 
nucleus. (We need to get away from defining “EMC ratio = F2A/A/(F2D/2)”)

• => All of these require knowledge of F2n(x) at high x, but:
• Free neutrons decay and can’t be made into a target
• Neutrons bound in nuclei are moving, off-shell and have

potentially a modified structure (EMC effect), plus may
be swamped by more copious reactions on the proton

€ 

F2n
F2p

≈
1+ 4d /u
4 + d /u

⇒

€ 

d
u
≈
4F2n F2p −1
4 −F2n F2p



Present Knowledge of d/u (x® 1)

Nucleon Model F2
n/F2

p
X	→	1

d/u
X	→	1

SU(6) Symmetry 2/3 0.5
Scalar diquark dominance 1/4 0
DSE contact interaction 0.41 0.18
DSE realistic interaction 0.49 0.28
PQCD 
(helicity conservation) 3/7 0.2
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Figure 8. Comparison between the global-base, global-ite2-dw and global-ite2-sh global fits of proton
PDFs. The up, antiup, down and antidown PDFs, normalised to the global-base fit (left) and the
corresponding relative uncertainties (right) are shown at Q = 10 GeV. Dashed lines denote one sigma
uncertainties, while plain bands 68% confidence level intervals. The ReportEngine software [36] was
used to generate this figure.
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Alternative: Pole extrapolation
4

binned the data in the similar ps and Ebeam bins as in the
original BONUS analysis [20]. Next, the normalization
factors are obtained for each ps and Ebeam bin by fitting
the data to the VNA calculations for smaller x < 0.5, at
Q2 � 1.66 GeV2 and W � 2.025 GeV kinematics with
one fit parameter (the overall normalization). For these
kinematics, the uncertainty due to the neutron structure
functions (which are an input in the VNA model) is min-
imal.

We investigated the dependence of the obtained nor-
malization factors on several VNA model ingredients: the
first is the di↵erent choice of deuteron wave function for
which we observed negligible variations (< 0.5%) in the
normalization coe�cients. Second, the uncertainty in the
strength of the FSI which we estimated in Ref. [7] by an-
alyzing the data from Ref. [17]. This yielded variations
in the normalization factors of maximum 2-3%. Finally,
in the normalization at x < 0.5 we used the phenomeno-
logical parameterization of neutron structure functions
from Ref. [22] whose average accuracy in this region is
estimated on the level of ⇠3%.

FIG. 4: (Color online) F2n to F2p ratio obtained using the
pole extrapolation method on the renormalized BONUS data
for Q2 = 1.66 (green circles), 3.38 Gev2 (red squares). The
F2p values are estimated using fit of Ref. [21].

After determining the normalization coe�cients, they
were applied to the whole range of the BONUS data set.
Using the renormalized data, we then applied the pole
extrapolation procedure described in the previous sec-
tion. The neutron structure functions extracted by pole
extrapolation for the larger two Q2 values are presented
in Fig. 4 as well as in Table I. In addition to the error
in normalization coe�cients (range 2-3%), the final er-
rors include the error accrued due to the variation of the
extrapolated values with the spectator proton angle ✓s,
as well as statistical errors in the range of 5-10% of the
BONUS data used in the pole extrapolation.
Discussion of the Results: As was mentioned earlier,
the most important advantage of the pole extrapolation
method is the extracted neutron structure functions are
free from Fermi motion and nuclear medium modifica-
tion e↵ects which are the main and unresolved issues in

Q2(GeV2) x F2n �F2n
F2n
F2p

�F2n
F2p

1.66

0.25 0.248 0.043 0.75 0.13

0.34 0.199 0.046 0.71 0.16

0.44 0.160 0.031 0.63 0.12

0.56 0.125 0.033 0.71 0.19

0.77 0.092 0.013 1.30 0.18

3.38

0.40 0.172 0.027 0.73 0.12

0.51 0.101 0.035 0.64 0.22

0.62 0.066 0.023 0.57 0.20

0.72 0.049 0.020 0.67 0.28

0.87 0.034 0.023 1.74 1.19

TABLE I: F2n and its ratio to F2p obtained with the pole
extrapolation method using the renormalized BONUS data.

high x neutron structure studies in inclusive DIS o↵ the
deuteron. Our result in Fig. 4 exhibits a few surprises.
First, at x > 0.6, it is larger than the extracted structure
function from inclusive DIS. It is, however, worth men-
tioning that Fermi e↵ect uncertainties in inclusive DIS
analyses still allow the values obtained in Fig. 4. The
second interesting property of our result is the very weak
slope of the F2n/F2p ratio with increasing x, even indicat-
ing the possible upward turn of the ratio at x >⇠ 0.7. This
tendency is in agreement with the estimate of Ref. [23],
in which the medium modification e↵ects in the deuteron
are estimated using the observed correlation between nu-
clear EMC and short-range correlation e↵ects and the
F2n/F2p ratio is estimated for up to x  0.7 indicating a
possible uptick of the ratio.
Our analysis was applied to data beyond x = 0.72 and

the intriguing result is that the tendency of an increase
of the F2n/F2p ratio continues. Due to sub-DIS values of
W = 1.18 GeV at the highest two x points in Fig. 4, it is
clear that one can not make a definitive conclusion about
how the rise of F2n/F2p relates to underlying properties of
the u and d quark distributions at x ! 1. Such a relation
can be expected based on the duality arguments accord-
ing to which the resonance contributions can conspire to
reproduce partonic distributions. It is worth mentioning
that in the recent duality paper [24] based on the analy-
sis of the same BONUS data, it was concluded that the
�-resonance contributes to the duality, violating it only
at the level of 20-30%.
It is interesting that such a rise of the F2n/F2p ratio

can be an indication of the existence of short-range isos-
inglet qq correlations in the nucleon at x ! 1. Such a
correlation will result in the same momentum sharing ef-
fects, which were recently observed in asymmetric nuclei
in the NN short-range correlation region [25, 26]. Ac-
cording to this observation, the existence of a short-range
interaction between unlike components in the asymmet-
ric two-Fermi system will result in the small component’s
dominance in the correlation region such that

f1n1(p) ⇡ f2n2(p), (9)

EPJ Web of Conferences

Figure 3. Example of the pole
extrapolation method using the
renormalized BONuS data (black circles)
with the quadratic pole extrapolation
curve (red dashed curve) as a function of
t02 = p2

i � m2
n. The IA (full blue curve)

and FSI (full green curve) calculations are
shown for comparison.

In Ref. [12], the pole extrapolation method was applied to the high momentum spectator deeps
data. Given the large extrapolation length, no robust results were obtained for F2n. With the more
recent low spectator momentum BONuS data, which measured down to proton momenta of 70 MeV,
the extrapolation length is very short and pole extrapolation became applicable. One problem with the
BONuS data is that the measurements for di↵erent spectator momenta happened at di↵erent and not
well known e�ciencies. In the original analysis, the data was therefore normalized to an IA model
[20] in the backward spectator region. In Ref. [13], we renormalized the BONuS data using our FSI
model at high W,Q2 (where the neutron structure function is quite well known), using the rescattering
parameter values extracted in our previous fit to the the deeps data. Taking these renormalized data,
we implemented the pole extrapolation method for the BONuS data. Figure 3 shows an example for
one kinematical setting. The two data points at each t0 value correspond to data taken at two initial
beam energy values and one can clearly observe they are consistent with each other. Plotting our
model calculations with the data, it is also clear that through implementing Eq. (3), FSI e↵ects indeed
become smaller as one moves closer to the on-shell pole. As the extrapolation curve shows in Fig. 3,
the extrapolation distance to the on-shell point is reasonable.

For each kinematical setting of the BONuS data, pole extrapolation was carried out as in Fig. 3,
and a weighted average was taken over all measured spectator angle bins. The final result is shown
in Fig. 4 as the ratio of F2n/F2p where the parametrization of Ref. [21] was used for the F2p values.
We repeat that the values obtained in this manner are free of Fermi motion and nuclear medium mod-
ification e↵ects. The systematic errors were estimated by taking all uncertainties in the data and our
normalization procedure (deuteron wave function, structure function parametrization, renormalization
fit) into account in a Monte Carlo simulation [13]. The most striking feature in Fig. 4 is the rise of the
ratio at large Bjorken x. The results at lower Bjorken x < 0.5 are in agreement with existing estimates.
It is worth noting that the upward trend of the ratio at higher x is not due to our renormalization of
the data. Indeed, the values of the ratio are higher without the renormalization applied. As the W
(⇡ 1.18 GeV) values corresponding to the highest x values in Fig. 4 are in the sub-DIS regime, one
cannot directly relate the rise of the ratio to the underlying properties of the u and d quark pdf’s. Such
a connection can only be made using duality arguments. It is worth noting, however, that the duality
analysis of the BONuS data [22], concluded that the �-resonance contributes to the duality, within 20-
30% accuracy. One possible explanation of the rise could be the presence of isosinglet qq short-range
correlations (SRCs) in the nucleon at x ! 1. Such a correlation will result in the same momentum
sharing e↵ect, which is observed recently in asymmetric nuclei in the NN SRC region [23].

§ Measure F2n at fixed spectator angle, but varying momentum
§ Extrapolate to on-shell neutron

t ' =M *2 −Mn
2 = (PD − ps )

2 −Mn
2 = MD − Mp

2 +
!ps

2( )
2
−
!ps

2 −Mn
2 ≈ −2 Mnε +

!ps
2( ); ε = 2.2 MeV

-
0              0.07             0.1            0.12 ps [GeV]



First Tagging Experiment at Jefferson Lab: “Deeps”

(High spectator momenta 0.25 - 0.7 GeV/c)

CLAS (6 GeV)



Results from “Deeps”: Ratio Method

• Independent of deuteron 
WF, acceptance, 
kinematic factors

• Should be sensitive to 
off-shell effects at large 
x, but also influenced by 
FSI and target 
fragmentation

• Fixed pT = 0.3 GeV/c -
TOO LARGE!

€ 

Ratio =

σ(x* = 0.55,αs)
σ(x* = 0.25,αs)

bound n( )

σ(x = 0.55)
σ(x = 0.25)

free n( )



Final State Interactions
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Spectator tagging -BoNuS6 RTPC
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BONuS6 Results
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A representative sample of the neutron Fn
2 spectra is

shown in Fig. 2, compared with a phenomenological
parametrization of Fn

2 [23] obtained from inclusive Fd
2

and Fp
2 data using a model of nuclear effects, and an

extraction [10] of Fn
2 from recent Fd

2 and Fp
2 data using

the nuclear smearing corrections of Ref. [25]. (The com-
plete spectra for all kinematics are published in the CLAS
database [26].)

The comparison shows reasonable overall agreement
between the BoNuS data and the model-dependent Fn

2

extractions [10,23] from inclusive data, but highlights
some residual discrepancies. In particular, at the lowest
Q2 values both the parametrization [23] and the model-
dependent extraction [10] underestimate the Fn

2 data,
especially in the vicinity of the !!1232" peak. At larger
Q2 the models are in better agreement with the data in the
! region, but overestimate it somewhat in the third reso-
nance region at Q2 # 2:5 GeV2. This suggests that either
the nonresonant neutron contribution assumed in the model
[23], or possibly the treatment of nuclear corrections in
deuterium, need to be reconsidered.

The ratio of neutron to proton structure functions,
Fn
2=F

p
2 , is shown in Fig. 3 as a function of x$ for various

W$ cuts (W$ > 1:4, 1.6, and 1.8 GeV), and compared with
the ratio from the recent CJ global PDF fit [5] at matching

kinematics. The range for the global fit arises from experi-
mental and PDF fit uncertainties, as well as from uncer-
tainties in the treatment of nuclear corrections in the
analysis of inclusive Fd

2 data, which increase dramatically
at high x [2,5]. Where the kinematics overlap, the data for
the W$ > 1:8 GeV cut are in good agreement with the
global PDF fit for 0:3 & x$ & 0:6 (the data at the lowest
x$ values are outside of the range of validity of the global
fit, which is restricted to Q2 > 1:69 GeV2). Note that a
bump in Fn

2=F
p
2 appears near x$ % 0:65 when relaxing the

W$ cut from 1.8 to 1.6 or 1.4 GeV, which likely indicates
that a resonance in this region is significantly enhanced in
the neutron relative to the inelastic Fn

2=F
p
2 background.

In summary, we have presented results on the first
measurement of the neutron Fn

2 structure function using
the spectator tagging technique, where the selection of
low-momentum protons at backward angles ensures scat-
tering from a nearly on-shell neutron in the deuteron. We
identify well-defined neutron resonance spectra in each of
the three prominent nucleon-resonance regions, which
broadly agree with earlier model-dependent extractions
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FIG. 2 (color online). Typical Fn
2 spectra from the BoNuS

experiment (filled circles) as a function of W$ for the various
Q2 ranges indicated. The beam energy was 5.262 GeVexcept for
the upper left plot at 4.223 GeV. For comparison the model-
dependent extraction from inclusive Fd

2 data (open circles) [10]
and the phenomenological model from Ref. [23] (solid curve)
are also shown. The error bars on the data points are statistical,
and the band along the abscissa represents the systematic error
without the overall 3% normalization uncertainty or the 3%
spectator approximation uncertainty.
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FIG. 3 (color online). Ratio Fn
2=F

p
2 versus x$ for various lower

limits onW$. All data are from the 5.262 GeV beam energy. The
error bars are statistical, with the total (correlated and uncorre-
lated) systematic uncertainties indicated by the band along the
abscissa. This band does not include the overall 3% normaliza-
tion uncertainty or the 3% spectator approximation uncertainty.
The data are compared with the recent parametrization from the
CJ global analysis [5], with the upper and lower uncertainty
limits indicated by the solid lines. The inset shows the average
Q2 as a function of x$ for eachW$ cut. For these data !s is in the
range 1.0–1.2. The arrow indicates the point at which the data are
normalized to the CJ value. A single normalization constant IVIP
was used for all data. The resonance region (W$ < 2 GeV)
corresponds to x$ * 0:4, 0.5, and 0.6 for square, diamond, and
circle points, respectively.
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FIG. 1. (Color online) Kinematic coverage of the BONuS data.
The solid lines denote the fixed-W 2 thresholds for the four final state
mass regions in Eq. (2), from W 2 = 1.3 to 4.0 GeV2.

III. TRUNCATED MOMENTS AND LOCAL
QUARK-HADRON DUALITY

Because the kinematic variables Q2, x, and W 2 are not
independent, a range in W 2 at fixed Q2 implies a corresponding
range in x. This makes possible a straightforward integration
of the experimental Fn

2 structure function data to obtain
the truncated moments Mn in Eq. (1). To minimize the
model dependence, we evaluate the integrals based solely on
the experimentally measured data points using a trapezoid
integration method.
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FIG. 2. (Color online) Representative neutron F n
2 structure func-

tion spectra from the BONuS experiment [30] at Q2 = 1.2 GeV2 (top
panel) and Q2 = 2.4 GeV2 (bottom panel). The open (filled) circles
represent data for a beam energy of E = 4.223 (5.262) GeV. The solid
curve is computed from the ABKM global PDF parametrization [42]
including higher twist effects and target mass corrections. The vertical
solid lines denote the fixed-W 2 thresholds for the four final state mass
regions in Eq. (2), from W 2 = 1.3 to 4.0 GeV2.
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FIG. 3. (Color online) Second (N = 2) neutron truncated mo-
ments Mn

2 versus Q2 for the four resonance regions in Eq. (2) [labeled
as “first”, “second”, “third”, and “total”]. The moments obtained from
the BONuS data (filled circles) are compared with moments computed
from the ABKM global PDF parametrization [42] including target
mass and higher twist corrections (shaded rectangles). The errors
shown do not include the overall 10% normalization uncertainty.

A. Truncated neutron moments

The second (N = 2) truncated neutron moments, Mn
2 ,

obtained from the BONuS data are shown in Fig. 3 as a
function of Q2 for the four W 2 intervals defined in Eq. (2). The
numerical values for the moments are also listed in Table I. The
quoted errors take into account the experimental statistical and
random uncertainties added in quadrature, but do not include
the overall 10% systematic uncertainty. The typical truncated
moment shown in Fig. 3 is obtained by integrating over eight
or more structure function measurements. Thus the relative
uncertainty of the truncated moment is smaller with respect
to the relative random uncertainty of any individual structure
function data point, and ranges between 2% and 4% for the
N = 2 moments. As shown in Fig. 1 the kinematic coverage
of the data over the Q2 ! x range studied is dense, the largest
x span over which inter or extrapolation had to be carried

TABLE I. Second (N = 2) truncated moments (in units of 10!3)
of the neutron F2 structure function from the BONuS data for
the W 2 regions in Eq. (2). The errors are a quadrature sum of
statistical and random uncertainties, but do not include the overall
10% normalization uncertainty.

Q2 [GeV2] M2 ["10!3]

1st 2nd 3rd total

1.0 31.5 ± 1.1 16.4 ± 0.4 14.1 ± 0.3 76.7 ± 1.2
1.2 23.5 ± 0.5 15.3 ± 0.3 13.0 ± 0.3 67.4 ± 0.6
1.4 17.7 ± 0.4 13.5 ± 0.2 12.1 ± 0.3 57.7 ± 0.5
1.7 12.3 ± 0.3 10.7 ± 0.2 10.5 ± 0.2 46.7 ± 0.5
2.0 8.4 ± 0.2 8.5 ± 0.2 9.0 ± 0.2 38.4 ± 0.4
2.4 5.8 ± 0.2 6.1 ± 0.1 7.1 ± 0.3 29.5 ± 0.4
2.9 3.4 ± 0.1 4.5 ± 0.1 5.3 ± 0.3 21.5 ± 0.4
3.4 2.1 ± 0.1 3.1 ± 0.1 4.0 ± 0.2 15.8 ± 0.3
4.1 1.3 ± 0.1 1.7 ± 0.1 2.8 ± 0.1 –
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Comparison with BONuS

⌅ Plane-wave calculation shown here with same normalization as the
FSI one (so not fitted)
Wim Cosyn (UGent) ODU tagging workshop Mar 11, 2015 16 / 31

FSI: Cosyn et al.
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standard error. This error agreed very well with !rstat, which
supports the hypothesis that variations in r within a bin are
purely statistical. Systematic bias was also studied using a cut
for Q2 > 2 GeV2, which in the region of comparison showed
no significant deviation from the data that include lower Q2

values.
Overall systematic uncertainties were estimated by varying

the models for F
p
2 /F d

2 and the kinematic cuts. The model
dependence was explored using the published CB fits and
two later improvements applied to kinematic case 1 using the
5-GeV data. The kinematic dependence was explored using
kinematic cases 1–4 for the 5-GeV data and case 1 for the
4-GeV data. In order to separate the overall normalization
uncertainty from other systematic uncertainties, we fit the
EMC slope in the range 0.35 < x < 0.7 and rescaled the
data such that the linear fit intersected unity at x = 0.31. This
value was obtained from a global analysis of the EMC effect
in all nuclei [13]. The scaling factors ranged from 0.99 to
1.01 for the different cases. The average variation in Rd

EMC(x)
at fixed x for the different cases, the 1% scale uncertainty,
and the BONuS systematic uncertainty !R

sys
EMC were added

in quadrature to yield !R
sys
tot , which is listed in Table I and

shown as the blue band in Fig. 2. The systematic uncertainties
of the BONuS data themselves dominate at large x, whereas
the model uncertainties of the global fits dominate at low x
(high W ). The mid-x region is dominated by the normalization
uncertainty. For case 2 with x > 0.4, Rd

EMC tends to be higher
than for case 1. This arises in a region of significantly lower
statistics on account of the higher-W cut and fewer kinematic
points available for resonance averaging. Although the slope
dRd

EMC/dx in this case is consistent with zero, we find this
result unstable to small changes in kinematics. Case 2 at high
x figures into the systematic errors on our quoted Rd

EMC values,
however.

Since the data span a large and relatively low Q2 range
starting at 1 GeV2, one needs to worry about whether Rd

EMC is

TABLE I. EMC results for the deuteron. The columns correspond
to the number of kinematic points, average x and Q2, the EMC ratio,
the statistical and systematic errors from the BONuS data, and the
total systematic error including modeling of F

p
2 /F d

2 .

!Q2"
N !x" (GeV2) Rd

EMC !Rstat
EMC !R

sys
EMC !R

sys
tot

28 0.177 1.09 0.995 0.003 0.002 0.015
55 0.224 1.24 0.991 0.003 0.003 0.010
65 0.273 1.39 0.997 0.003 0.003 0.007
71 0.323 1.50 0.994 0.003 0.004 0.007
70 0.373 1.63 1.000 0.003 0.005 0.007
70 0.422 1.71 0.992 0.003 0.007 0.009
71 0.472 1.85 0.983 0.004 0.009 0.009
56 0.523 2.01 0.967 0.004 0.011 0.012
47 0.572 2.30 0.994 0.006 0.013 0.014
41 0.619 2.54 0.974 0.007 0.017 0.017
26 0.670 2.97 0.984 0.011 0.020 0.021
21 0.719 3.39 1.019 0.019 0.023 0.025
11 0.767 4.03 1.075 0.041 0.024 0.029
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FIG. 2. (Color online) The deuteron EMC ratio Rd
EMC = F d

2 /

(F n
2 + F

p
2 ) as extracted from the BONuS data. Total systematic

uncertainties are shown as a band arbitrarily positioned at 0.91 (blue).
The yellow band shows the CJ12 [49] limits expected from their
nuclear models. The black points are the combined 4- and 5-GeV
data, whereas the red points are the 4-GeV data alone. The dashed
blue line shows the calculations of Ref. [36]. The solid line (black) is
the fit to the black points for 0.35 < x < 0.7.

simply an artifact of structure function evolution. To study this
we looked at the contents of each x bin separately. Figure 1
shows that each x bin covers a wide enough Q2 range to study
Q2 variations within that bin. For this study each data point
was converted into Rd

EMC as described above, and instead of
averaging, all values were fit to a straight line versus Q2.
Fitting to a constant slope yields dRd

EMC/dQ2 = 0.0037(45),
which is consistent with no observable Q2 variation.

Although the BONuS F2 data were extracted assuming that
the longitudinal-to-transverse cross section ratio R cancels in
the neutron-to-deuteron ratios, the associated uncertainty is
included in the published results. Some nuclear dependence to
R could, however, slightly modify our EMC results [48].

IV. RESULTS

Our final result uses the new self-consistent convolution
model [44] for F

p
2 /F d

2 , which was used to determine the
absolute normalization of the final published BONuS Fn

2 /F d
2

data [42]. It provides an excellent representation of F2 for our
kinematics. Our result uses the combined 5.26- and 4.22-GeV
data with cuts Q2 > 1 GeV2 and W > 1.4 GeV. A linear fit for
0.35 < x < 0.7 yields dRd

EMC/dx = #0.10 ± 0.05 where the
uncertainty comes from the "2 fit. Figure 2 shows these results
together with comparisons to various models. For x < 0.5
the EMC ratios Rd

EMC agree within uncertainties with those
obtained using more stringent cuts in W . The ratio for x > 0.5
continues the trend of the lower-x data, with a hint of the
expected rise above x = 0.7 as seen in RA

EMC for heavier nuclei,
but these high-x values are more uncertain because there are
fewer data points for resonance averaging. The black circles
are the combined results for 4 and 5 GeV, which are clearly
dominated by the 5-GeV data. The 4-GeV data by themselves
(red triangles) are consistent with the combined data set. The

015211-3
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BONuS12 withCLAS12

- CLAS12 Forward Detector:
→ Superconducting Torus magnet.  
→ 6 independent sectors:

→ HTCC
→ 3 regions of DCs
→ LTCC /RICH
→ FTOF Counters
→ PCAL and ECs

- Central Detector:

→ Solenoid (3.5 - 4 T)
→ Target: D gas @ 6 atm, 293 K
→ BONuS12 RTPC
→ FMT
→ CTOF, and CND

e- d → e- p X

RTPC

February – March 2020 | MEDCON6 | August-September 2020



BONuS12 RTPC
→  Active length:  40 cm 

→  Radial drift distance:  4 cm

→  Drift gas He/CO2 (80/20)

→  3 GEM amplification layers

→  16 HV sectors per GEM  

(Segmented in f)

→  Pad readout: 2.8 mm x 4 mm

=> 17,280 channels

Beam

e’ to CLAS12

GEM layer

- Pad position + Time + drift path → hit position

FEU electronics → Signal height vs. Time bin

- integrated signal + 
pad gains (Gi)    →

=> track reconstruction 
vertex + momentum vector

Target 5.6 atm D2

Spectator p

Readout Pads
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GEM foil wrapping and gluing

Automated epoxy 
application

Installation of 
Cathode / ground 
assemblyReadout board 

being installed on 
triple-GEM 
assembly

1st GEM layer lowered onto 
chamfer plate assembly 
utilizing self-alignment jig 

Wrapped Padboard 
inner surface

RTPC Assembly @ 
Hampton U. In 
Collaboration 
with ODU & JLab  

All GEM layers installed



BONuS12 - 2.1 GeV Data

BONuS12 – 10.4 GeV Data
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BONuS12 - 2.1 GeV Data

BONuS12 – 10.4 GeV Data
0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22

 using elastic kinematics [GeV/c]predP
0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22

 in
 R

TP
C

 [I
nc

lu
di

ng
 C

or
re

ct
io

n]
 [G

eV
/c

]
m

ea
s

P

2Dhisto1
Entries  28970
Mean x  0.1187
Mean y  0.1235
Std Dev x  0.02764
Std Dev y  0.03316

0

5

10

15

20

25

2Dhisto1
Entries  28970
Mean x  0.1187
Mean y  0.1235
Std Dev x  0.02764
Std Dev y  0.03316

0

5

10

15

20

25

0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22
 using elastic kinematics [GeV/c]predP

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22

 in
 R

TP
C

 [G
eV

/c
]

m
ea

s
P

2Dhisto
Entries  28970
Mean x  0.1181
Mean y   0.121
Std Dev x  0.02739
Std Dev y  0.03789

Correction Using Yu-chung's formula

dE/dx

p

Electron 
Vertex

Proton 
Vertex

pelas

precon

cos(qpq)

p

Q2

x*



Projected JLab@12 GeV d/u Extractions Projected 12 GeV d/u Extractions

x
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Other Tagging Experiments
• EG6: 

DVCS on 4He and p in 4He

• TDIS:
Pion structure function

• ALERT
EMC-effect in DVCS, DIS

• BAND
Structure of bound proton in D

• LAD
Structure of bound n in D

• EIC

Backward Angle Neutron Detector (BAND)

11

• 116 plastic scintillator bars + veto layer 
• 3 m upstream of target!

2 m

1.3 m

Segarra et al., NIMA (2020) 
Denniston et al., NIMA (2020)

1/14

Task force: 
D.S. Carman (lead), 
N. Baltzell, 
Y. Gotra, 
B. Miller,
E. Pasyuk



Conclusion

• Few-body nuclei continue to be “neutron targets of choice” –
needed to study valence structure of nucleons

• Nucleons can serve as “virtual pion targets”
• Interpretation of results complicated by off-shell effects, possible 

structure modifications and final state interaction…
• …but we can also learn a lot about interactions and structure 

modifications due to binding by studying these effects (large 
kinematic coverage)

• Spectator tagging allows us to minimize binding effects or study 
them in detail, and select intended target INSIDE a bound system

• BONuS6 was the 1st experiment to tag low-momentum spectator p’s
• BONuS12 had successful Physics run -> stay tuned for F2n, d/u,…
• Lots more experiments at 12 GeV – ALERT, TDIS, BAND, LAD
• Future of spectator tagging: EIC

“BONuS”
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