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IRFU, CEA, Université Paris-Saclay, F-91191 Gif-sur-Yvette, France

7
Christopher Newport University, Newport News, Virginia 23606, USA

8
University of Connecticut, Storrs, Connecticut 06269, USA

9
Duke University, Durham, North Carolina 27708-0305, USA

10
Duquesne University, 600 Forbes Avenue, Pittsburgh, Pennsylvania 15282, USA

11
Fairfield University, Fairfield, Connecticut 06824, USA

12
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Università degli Studi di Brescia, 25123 Brescia, Italy

45
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We present the first measurement of dihadron angular correlations in electron-nucleus scattering. The

data were taken with the CLAS detector and a 5.0 GeVelectron beam incident on deuterium, carbon, iron,

and lead targets. Relative to deuterium, the nuclear yields of charged-pion pairs show a strong suppression

for azimuthally opposite pairs, no suppression for azimuthally nearby pairs, and an enhancement of pairs

with large invariant mass. These effects grow with increased nuclear size. The data are qualitatively

described by the GIBUU model, which suggests that hadrons form near the nuclear surface and undergo

multiple scattering in nuclei.These results show that angular correlation studies can open a new way to

elucidate how hadrons form and interact inside nuclei.

DOI: 10.1103/PhysRevLett.129.182501

Introduction.—The quark-to-hadron transition, called

hadronization, remains poorly understood in part due to

the great challenge it poses to first-principle calculations

in quantum chromodynamics. Studying how hadroniza-

tion occurs inside large nuclei provides a way to perturb

the process to potentially reveal its mechanisms and

timescales [1–4]. It also represents a way to probe the

transport properties of particles through nuclei [5–12],

and tune models needed to interpret neutrino experi-

ments [13,14].

Scattering experiments with electron beams can help

elucidate hadron production by providing control over the

energy ν and momentum q⃗, transferred in the reaction,

which is determined from the scattered electron. Previous

studies by HERMES [15–19] and CLAS [20,21] experi-

ments revealed that the production of hadrons is strongly

suppressed in nuclei, with a complex dependence on the

hadron’s energy, transverse momentum, and type. Various

aspects of these data agree with different models that

include either gluon bremsstrahlung, hadron rescattering

and absorption, or a mixture of these [1].

Dihadron measurements can complement single-hadron

studies by providing more kinematic variables and higher

sensitivity to nuclear effects such as multiple scattering

[22–28]. Such variables include angular correlations, which

were measured in hadron-collider and fixed-target experi-

ments to probe cold and hot nuclear matter (see Refs. [1,29]

for reviews). No analogous study has been done with

electron beams.

Given the strong absorption of hadrons in nuclei

[15–21], it is expected that most observed hadrons corre-

spond to those that were created near the nuclear surface

[30] and have their momentum directed away from the

center of the nucleus. Detailed modeling of such geomet-

rical effects remains a challenge [7]. Dihadron azimuthal

correlations offer a way to test this hypothesis. When

hadron pairs are produced near the surface, the shortest

path lengths through the nucleus are obtained when both

hadrons’ transverse momenta (defined with respect to the

momentum-transfer vector q⃗) are directed away from the

center of the nucleus relative to their production positions.

When averaging over possible initial-production positions
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in the nucleus, this favors events where the azimuthal

separation between the hadrons Δϕ (also defined with

respect to the q⃗ direction) is small, while suppressing those

with large azimuthal separation (see Fig. 1). Such a

“surface bias” has been observed in hadron collisions

and has been exploited as a tool to study cold and hot

nuclear matter [29].

The dihadron measurements at HERMES [31] revealed

hints of nuclear suppression, although with limited pre-

cision; moreover, those studies did not explore angular

dependence, nor did they include hadron identification,

which was crucial to elucidate single-hadron studies

[16,17,19]. Dihadron measurements were also performed

in the SKAT experiment [32], which used a neutrino beam

incident on heavy nuclei.

We build upon the HERMES results by studying

dihadron production with a much higher precision and

with identified hadrons; in addition, we measure for the

first time the dihadron suppression as a function of the

azimuthal separation and the invariant mass. In particular,

we study the reaction

eA → e0πþπ−X; ð1Þ

where X represents other particles in the event.

Experimental setup.—The data presented here were

collected at the Continuous Electron Beam Accelerator

Facility’s (CEBAF) large acceptance spectrometer (CLAS)

with a 5.0 GeV electron beam incident on a dual-target

system [33] consisting of a liquid 2H target cell and a C, Fe,

or Pb foil target.

The CLAS [34] detector was based on a sixfold

symmetric toroidal magnet, which defined six sectors

instrumented with drift chambers (DC), time-of-flight

scintillation counters (TOF), Cherenkov counters (CC),

and an electromagnetic calorimeter (EC). Following

Refs. [21,35], electrons were identified by matching

negatively charged tracks measured in the DC with hits

in the TOF and EC. Background from π− was suppressed

to the < 1% level using the CC and the EC. Charged pions

were identified by checking that the time-of-flight mea-

sured from the TOF hits is consistent with the value

calculated using the charged-pion mass and the path length

and momentum determined with the DCs. The selection for

πþ with momentum above 2.7 GeV was further refined by

requiring a signal above a certain threshold in the CC to

suppress the proton background [21]. Fiducial cuts on the

momentum and angles were used in order to avoid regions

with steeply varying acceptance or low resolution.

Event selection and observables.—The data were selected

with a trigger that required at least one electron candidate

with momentum p > 500 MeV. Similar to Ref. [21], we

selected events with Q2 > 1 GeV2, W > 2 GeV, and

2.2 < ν < 4.2 GeV. Here, Q2 is minus the square of the

four-momentum transfer, W ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2mpνþm2
p −Q2

q

where

mp is the mass of a proton, ν ¼ E − E0 is the energy transfer,

and E and E0 are the beam- and scattered-electron energies.

Following Ref. [31], we selected events with a “leading”

pion, defined as having fractional energy z1 ¼ Eh=ν > 0.5,

where Eh is the energy of the pion; we then measured all the

other (“secondary”) pions in the event with charge opposite

that of the leading pion in the fractional-energy range

0.05 < z2 < 0.45. In addition, we removed kinematically

forbidden events by requiring jp1j þ jp2j < ν, where p1

and p2 are the momenta of the pion candidates, in order to

suppress proton background (For events with a pion and an

ejected proton, the proton’s rest energy is present as part of

the nucleus in the initial state, so the conservation of energy

requires that Eπ þ KEp < ν, where KEp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p2
p þm2

p

q

−

mp is the proton’s kinetic energy. This allows ejected

protons to have a higher momentum than otherwise

possible, therefore allowing such background to be rejected

by the jp1j þ jp2j < ν cut.). The selection included both

resonant and nonresonant dipion production, including

exclusive processes, as well as secondary hadrons arising

from hadron rescattering and other nuclear interactions.

We selected particles arising from scattering from either

the deuterium or nuclear targets by using the longitudinal

vertex position defined by intersecting their trajectories

with the beamline. The resulting vertex resolution ensured

negligible ambiguity in the target tagging [21].

We used the electron, the leading pion, and the sub-

leading pion variables to measure the conditional modifi-

cation factor R2h, defined [31] as

R2hðz2Þ ¼
½dNA

2hðz2Þ=dz2�=N
A
h

½dND
2hðz2Þ=dz2�=N

D
h

: ð2Þ

FIG. 1. Diagram illustrating dipion production in a nucleus.

Top: side view, illustrating that the momentum-transfer axis is

used to define the azimuthal separation Δϕ. Bottom: same

reaction, as viewed from the direction of the momentum transfer.
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Here, ½dN2hðz2Þ=dz2�=Nh is the ratio of the differential

number of selected events with a secondary hadron

with energy fraction z2, a leading pion, and an electron,

to the total number of selected events with an electron

and a leading pion. In other words, R2h is the nuclear-to-

deuterium ratio of the average number of secondary pions

per leading pion. The superscript indicates that the term

is calculated for a nucleus (A) or a deuterium (D) target.

Likewise, we also measured R2h in this Letter as a function

of the azimuthal separation between the pions jΔϕj and the
dipion invariant mass,

mππ ≡

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðP1 þ P2Þ
2

q

; ð3Þ

where P1 and P2 are the four-momenta of the two pions.

Uncertainties.—By construction, R2h is a double ratio

that benefits from the cancellation of various corrections for

detector effects and thus minimizes the associated system-

atic uncertainties. Moreover, we exploited the dual-target

system [36], which by design minimizes systematic uncer-

tainties related to variations in detector response over time

by exposing the deuterium and heavier nuclear targets at the

same time. For this reason, when evaluating the A=D ratio,

R2h (see Eq. (2), we used only the deuterium data taken at

the same time as the nuclear data used in the numerator.

We performed studies on various possible sources of

systematic uncertainties using data and simulation studies,

as described in detail in the Supplementary Material [37].

These studies were similar to those used in the single-pion

case (see Ref. [21]), and were further checked for the

dipion final state. For the simulation studies we used the

PYTHIA 6.319 event generator and the GSIM package [38],

which is based on GEANT3 [39], to simulate the response of

the CLAS detector and dual-target setup [33]. The simu-

lation was tuned to provide a reasonable description of

the data. The possible sources of systematic uncertainties

studied include acceptance effects (2.0%), event selection

(1.4 − 8.3%), particle misidentification (0.4 − 3.9%), and

radiative effects (0.3%). We found that the acceptance

effects due to the different positions of the two targets

contribute a systematic uncertainty of about 2%, which

is similar to that of previous studies [21,36]. Other

sources of systematic uncertainty, such as cross contami-

nation between bins, beam luminosity, trigger efficiency,

Coulomb effects, contamination from particles scattering

in the walls of the deuterium target, and time-dependent

effects, were found to be negligible.

The systematic uncertainties from different sources were

added in quadrature, and totaled to 2.5–3.0% for most bins.

However, for some bins, in particular at high mππ, they

reached 8.6%. In this region, the large systematic uncer-

tainty is largely due to momentum-dependent variations in

the efficiency of the CC, which we used to distinguish

between high-momentum πþ and protons. For most bins,

the systematic uncertainty dominated over the statistical

uncertainty, which ranged from 1.1–12%, with a median

value of 2.6%.

Results and discussion.—Figure 2(a) shows the results

for R2h as a function of the fractional energy of the

subleading pion of the pair, z2. The CLAS data show a

suppression for almost all of the bins, with stronger

suppression for heavier nuclei. R2h depends weakly on

z2 except at the first and last bins. The values of R2h for Fe

and Pb appear close; however, a χ2 test reveals that their

differences are significant at the 99% confidence level (For

this test, only the statistical uncertainties were considered,

since the systematic uncertainties were assumed to be fully

correlated between the different nuclei for any given bin.).

In the 0.1 < z2 < 0.4 range, the average values of R2h are

0.836� 0.007� 0.024, 0.738� 0.005� 0.021, and

0.698� 0.008� 0.020 for C, Fe, and Pb, respectively

(where the first uncertainty is statistical and the second

is systematic). We note that the gap between the values

obtained for C and Fe is much larger than the one between

Fe and Pb. One possible explanation for this is that the

event samples with pions in the final state are limited to

those that are close to the surface. If the radius of the

nucleus (which scales as A1=3) is much larger than the

absorption lengths for the pions in nuclei at the relevant

kinematics, then this will have a similar effect on both the

number of dipion events, NA
2h, and the inclusive number of

pion events, NA
h [see Eq. (2)]. This would then cause the

values of the ratio R2h to converge for sufficiently large

nuclei.

Our data in Fig. 2(a) are compared with existing eA
and νA data from the HERMES [31] and SKAT [32]

experiments, respectively. The average kinematics for our

results are hνi ¼ 3.3 GeV and hQ2i ¼ 1.6 GeV2, whereas

the HERMES results were at hνi ¼ 17.7 GeV and hQ2i¼
2.4GeV2 [31]. The SKAT data were taken at hνi¼5.8GeV

and hQ2i ¼ 2.7 GeV2 [32]. The significant differences

observed suggest that the change of kinematics has a

strong impact on the nuclear effects. Unlike HERMES,

our results show significant evidence for a dependence on

the nuclear mass.

We suggest two effects that could explain the differences

between the CLAS and HERMES results. First, the smaller

energy transfer in the latter experiment causes the hadron-

formation length to be shorter. This increases the distance

that the hadrons have to travel to escape, increasing the

probability of their absorption. In the HERMES case, there

is an increased probability of pions forming outside of the

nucleus, due to longer hadron-formation lengths compared

with the CLAS case. The second explanation is that the

pion-nucleon cross sections are larger in the CLAS kin-

ematics (due to lower pion energies than in HERMES).

This would increase the probability of absorption in the

CLAS case. It is also possible that both of these two effects

contribute to the differences between the CLAS and

HERMES results.
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We compare our data with with the GIBUU Monte-Carlo

event generator [40] (using the 2019 default parameters),

which incorporates treatment of final-state interactions,

absorption, and production mechanisms with elastic and

inelastic channels. The GIBUU model described reasonably

well the single-hadron data from CLAS [21] and HERMES

[16,17,19]. While the GIBUU calculations reproduce some

of the qualitative features of the data in this Letter,

including the larger gap between the R2h values for C

and Fe than the one between Fe and Pb, there are significant

differences; for instance, it predicts an uptick only at low z2,
while the data have upticks at both the lowest and the

highest z2 bins. The low-z2 uptick was also observed in the
HERMES and SKAT data, which were at very different

kinematics, suggesting that this effect does not depend

strongly on Q2 or ν. In the GIBUU model, the uptick in R2h

at low z2 is caused by the interaction between hadrons

produced in the primary electron-nucleon interaction with

other hadrons as they propagate through nuclei. The uptick

at high z2 is consistent with unity and also exists in the

HERMES results. This high-z2 uptick, which is not

reproduced by the GIBUU model, may be due to coherent

production in the z1 þ z2 → 1 limit; coherent production in

general is not included in the GIBUU model [40].

Figure 2(b) shows R2h as a function of the azimuthal

separation Δϕ between the two pions, as measured around

the direction of the momentum transfer (see Fig. 1). The

data show significant dependence on Δϕ for all nuclei. For

all three nuclei, the deviation of R2h from unity is smallest

when Δϕ is near 0 and drops off with increasing jΔϕj, with
a steeper slope for heavier nuclei. For azimuthally opposite

pairs (jΔϕj near π), R2h is 0.789� 0.013� 0.024,

0.671� 0.010� 0.020, and 0.620� 0.015� 0.026 for

C, Fe, and Pb, respectively. This is qualitatively described

by the GIBUU model; however, the data show a more

pronounced Δϕ dependence.

We also present R2h as a function of the dipion invariant

mass mππ in Fig. 2(c). The data show a negative slope in

the 0.4 < mππ < 1.1 GeV region, and an enhancement at

higher mππ. We also observe that within the region of

negative slope, the dependence appears to be smooth, and

no abrupt behavior is observed in R2h near the ρ0ð770Þ
mass. The data are qualitatively described by GIBUU,

including the uptick at high mass. In the GIBUU model,

this is caused by rescattering of hadrons, which leads to a

larger transverse momentum of hadrons and higher pair

invariant mass. The qualitative behavior of the data is

reminiscent of the enhancement of hadrons with high-

transverse momentum reported in Refs. [15–19,21].

Hadron-absorption effects in the GIBUU model can be

investigated through looking at the distribution of the

hadron-production points of the final-state pions. We

observe that in the GIBUU simulations, a larger fraction

of the total final-state pions are formed near the surface of

the nucleus than would be expected if their production

(a)

(b)

(c)

FIG. 2. Conditional suppression factor R2h as a function of

(a) subleading hadron z, (b) the azimuthal separation jΔϕj, and
(c) the invariant mass of the pion pair. Points are slighted

shifted horizontally for visibility. The gray open symbols in

(a) represent results by the HERMES [31] and SKAT [32]

experiments. The horizontal caps in the uncertainty bars

represent the systematic uncertainties, while the vertical extent

of the bars represents the total systematic and statistical

uncertainty (added in quadrature). The values of R2h, statistical

and systematic uncertainties, and bin edges are tabulated in the

Supplemental Material [37]. Curves represent the calculations

from the GIBUU model [40].
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points were distributed uniformly. Further, we observe that

this effect is stronger for larger nuclei than for smaller ones.

The effect is also stronger in the dipion case than for the

single-pion case. The latter effect can be explained by the

fact that we require the survival of not only the secondary

pion but also the leading one as well, biasing the sample

further toward the surface. Such an interpretation is con-

sistent with Ref. [30], which argued that an absorption

model coupled with geometrical biases caused by survivor

selection could explain both the single- and double-hadron

data from HERMES without resorting to other effects such

as gluon bremsstrahlung [41,42].

Summary and conclusions.—In summary, we have pre-

sented a measurement of dipion production in electron

scattering off nuclei using the CLAS detector, which includes

the first study on the azimuthal separation and invariant

mass. The data show a strong suppression for azimuthally

opposite pairs, no suppression for pairs with small azimuthal

separation, and an enhancement of pairs with large invariant

mass. This is qualitatively consistent with the predictions

from the GIBUU model, wherein it can be attributed to an

increased probability of absorption of hadrons in azimuthally

opposite pairs due to the increased path length compared

with azimuthally nearby pairs; however, the measured

suppression is stronger than in the predictions.

We also measured the dependence of the nuclear-to-

deuterium ratio on the secondary pion’s fractional energy,

and on the dipion invariant mass.We compared our measure-

ment of the dependence on the former with the results from

HERMES and found both to be qualitatively comparable;

however, our measurement shows a stronger nuclear depend-

ence than theHERMES results, suggesting a strongkinematic

dependence of the observed effects. Further, we note that the

dihadron suppression is stronger in heavier nuclei, although

the effect appears to saturate for higher nuclear masses.

Overall, the data show evidence that nuclear effects not

only modify the hadron distributions, but also modify the

correlations between multiple hadrons in the event, relative

to the correlations that exist in the deuteron case due to

momentum conservation and limited phase space.

Our studies show how kinematic variables that depend

on both hadrons, such as azimuthal separation and pair

mass, can be used as a powerful tool for studying hadron

production in electron scattering off nuclei. Given that

these data cover a poorly explored kinematic domain where

the hadron-formation length is expected to be similar to the

nuclear size, future comparisons to models (similar to those

of Refs. [43,44]) might shed light on hadronization time-

scales and mechanisms.

These results provide a reference for planned dihadron

measurements in future experiments with higher beam

energies at the Jefferson Laboratory [45–47], and future

electron-ion colliders in the USA [2,48] and China [49].
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