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Neutrino-tagged jets at the Electron-Ion Collider
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We explore the potential of jet observables in charged-current deep inelastic scattering events at the
future Electron-Ion Collider. Tagging jets with a recoiling neutrino, which can be identified by the event’s
missing transverse momentum, will allow for flavor-sensitive measurements of transverse momentum
dependent parton distribution functions. We present the first predictions for transverse-spin asymmetries
in azimuthal neutrino-jet correlations and hadron-in-jet measurements. We study the kinematic reach and
the precision of these measurements and explore their feasibility using parametrized detector simulations.
We conclude that jet production in charged-current deep inelastic scattering, while challenging in terms
of luminosity requirements, will complement the Electron-Ion Collider experimental program to study
the three-dimensional structure of the nucleon encoded in transverse momentum dependent parton

distribution functions.
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I. INTRODUCTION

The Electron-Ion Collider (EIC) will usher in a new era
for the study of the 3D structure of the nucleon [1,2]. Its
high luminosity and polarization of both electron and
hadron beams will enable precise measurements of observ-
ables related to transverse momentum dependent parton
distribution and fragmentation functions (TMDs).

Jets are energetic sprays of particles observed at high-
energy collider experiments that are closely related to the
underlying quark and gluon dynamics of hard-scattering
events. Jets at the EIC will have transverse momenta up to
~ 40 GeV [3,4]. The EIC will produce the first jets in deep-
inelastic scattering off transversely polarized nucleons. The
potential of jets produced in neutral-current deep-inelastic
scattering (NC DIS) has recently been explored, see e.g.
Refs. [5-29]. In this work, we will focus on jets produced in
charged-current deep-inelastic scattering (CC DIS).
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The CC DIS process, which involves the exchange of a
virtual W* boson, enables jet measurements that are
sensitive to the flavor of the scattered quark. The lead-
ing-order process, W*q — ¢, is illustrated in Fig. 1. Due to
the conservation of electric charge, electrons can only
scatter via the exchange of a W~ off positively charged
partons, which are predominantly u quarks, especially at
large x. Likewise, with a positron beam, scattering proc-
esses occur predominantly with d quarks through the
exchange of a W+ boson. Moreover, tagging either charm
or strange jets can further enhance the flavor sensitivity of
jet measurements [8,14,18,29-31].

The H1 and ZEUS collaborations measured inclusive CC
DIS off unpolarized protons with longitudinally polarized
electron and positron beams [32-37]. These measurements
allowed for constraining the flavor dependence of collinear
parton distribution functions (PDFs) [38]. In addition, CC
DIS jet production measurements by the ZEUS collabora-
tion [39,40], were compared to precise next-to-next-to-
next-to-leading order QCD calculations [41].

One of the main challenges in measuring CC DIS is
the measurement of the events’ kinematic variables,
Bjorken x and Q7 in the presence of an undetected
final-state neutrino. Several methods exist to address this
challenge [33,42]. The feasibility studies of CC DIS at the
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FIG. 1. Charged-current deep-inelastic scattering where the
produced jet recoils against a neutrino.

EIC have been performed in Refs. [2,43] for DIS off
longitudinally polarized protons with the goal to access
helicity PDFs. In this study we will focus on the CC DIS off
transversely polarized protons that will lead to measure-
ments of the transverse-spin effects related to TMDs.

In semi-inclusive DIS (SIDIS), transverse-spin asymme-
tries can be extracted from modulations of the azimuthal
angles with respect to the virtual-boson direction, typically
in the Breit frame [44-48]. In CC DIS, this approach
requires a measurement of the three-momentum of the
scattered neutrino to define the azimuthal angle, which is
challenging due to acceptance losses at forward rapidities.

Jet-based measurements of spin asymmetries can reduce
these difficulties. Following Liu et al. [11], TMDs can be
accessed in lepton-jet azimuthal correlation measurements
in the laboratory frame instead of the conventional Breit
frame. Liu et al. [11] considered NC DIS, but the formalism
can be extended to CC DIS as well. The advantage of this
approach is that the measurement of the azimuthal angle
only requires the neutrino’s transverse momentum in
the lab frame, which, in general, can be measured more
precisely than the full three-momentum [49]. In addition,
hadron-in-jet asymmetry measurements can be performed
by defining an azimuthal angle of the hadron with respect
to the jet axis [15,20,50-52].

The jet-based TMD measurements have the additional
advantage of decoupling initial- and final-state TMD
effects (at leading power in the jet radius) [20]. That is,
they do not involve a convolution of TMD PDFs and
fragmentation functions which can introduce strong corre-
lations in global fits of SIDIS data [53-57].

In this paper, we present the first study of neutrino-jet
and hadron-in-jet spin asymmetries in CC DIS. We
determine all possible spin asymmetries within the TMD
factorization formalism. We present numerical estimates
for transverse single-spin asymmetries in CC DIS. We also
perform feasibility studies of these measurements using
fast detector simulations and we quantify the expected
kinematic reach and the statistical uncertainties.

The remainder of this paper is organized as follows. We
describe the proposed measurements in Sec. II and the
theoretical framework in Sec. III. We describe the fast
detector simulation in Sec. IV and the expected experi-
mental performance in Sec. V. We estimate the background
in Sec. VI, and show projections for the transverse-spin
asymmetries in Sec. VII. We conclude in Sec. VIII.

II. PROPOSED MEASUREMENTS

Following Liu et al. [11], we propose the measurement of
the distribution of the azimuthal separation between the
outgoing neutrino (as determined from the missing transverse
momentum), and the jet. Due to the momentum conservation,
the jet and neutrino are expected to be predominantly
produced back to back in the transverse plane. Therefore,
the azimuthal distribution is expected to be centered around
Giec — ¢, — m = 0, with some finite width due to out-of-cone
QCD radiation and the nonzero initial momentum of the
scattered quark. In the next section, we determine all spin
asymmetries that can be measured in neutrino-jet and hadron-
in-jet production within TMD factorization.

We note that the measurement of x requires information
about the longitudinal momentum or the rapidity of the
neutrino. An analogous measurement of TMDs in the Breit
frame would require a measurement of the boost vector
that depends on the neutrino rapidity, which would make
variables such as the azimuthal angle dependent on it. See
for example Ref. [10], where a (neutral-current) TMD-jet
observable was proposed in the Breit frame. Therefore, we
expect that the laboratory observables proposed here are
better suited to perform CC TMD-jet measurements.

Moreover, we propose to measure the transverse single-
spin asymmetry in neutrino-jet correlations, also known as
the left-right asymmetry

B de' = dot
~do! +dot’

(1)

UT

where, do¥ refers to the differential cross section mea-
sured with transverse polarization of the initial proton
pointing up or down. This asymmetry is expected to
exhibit a modulation with respect to the angular separation
between the incoming proton spin, ¢g, and the momentum
imbalance, (j)q, i.e.,

Ayt = A:}l}((/}s_%) sin(¢s — @) (2)

Here, the momentum imbalance between the jet and the
neutrino is defined by gy = pr + p4. This asymmetry is
sensitive to the Sivers function [11,16], which describes
the anisotropy of unpolarized partons in a transversely
polarized proton.

We also propose to perform a hadron-in-jet measurement

in CC DIS of the asymmetry Ai}r}(‘ps—'ph) defined for the
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azimuthal angle of the hadron in jet ¢,. In NC DIS, the
hadron-in-jet asymmetry is sensitive to both the Collins and
the transversity functions [15].

There are a number of recent extractions of Sivers
functions [56,58—66], transversity [56,67—73], and Collins
fragmentation functions [56,67,68,72,73] from experimental
data. Flavor dependence of these functions is known rela-
tively well for the u and d quarks and poorly known for
the other flavors. Charged-current measurements have the
potential to provide complementary information for flavor
separation.

III. THEORETICAL FRAMEWORK

In this section, we discuss inclusive jet production
in CC DIS, neutrino-jet correlations, and hadron-in-jet
observables.

A. Inclusive jet production

We follow the theoretical framework developed in
Refs. [11,15,16,20] for the NC DIS. At the parton level,
we consider the leading-order process eq — vq’ mediated
via the exchange of a virtual W boson. We consider the
cross section differential in Bjorken x and the transverse
momentum of the produced neutrino, p%., which is defined
relative to the beam direction in the laboratory frame. The
leading-order cross section can be written as

do.ep—wjetX camvd
ol > oM fy(xom), (3)
Pr q

where the renormalization scale p of the PDF f, is chosen
at the order of the hard scale of the process u ~ p%. The
prefactor o for initial quarks u and d are given by

‘meu—wd|2 1

eu—vd —
0 162282 x(i—u)’

8(G i IV ol ¢ ?

= m ~ A~ AN O
FEwI 1 ud (F—m3)? +m3 2, x(1—0)
(4)
ed—uvii — ‘mea—wﬂP }
0 16228 x(i—a)’
? i

= 8(G rm? 2Vu 2__ = ,
(Grmy )|V ud (F—m3)? +m3 2, x(1— 1)

(5)

where G is the Fermi constant, my and 'y, are the W
boson mass and decay width, and V,, is the standard
Cabibbo—Kobayashi-Maskawa (CKM) matrix element.
Here 7/(x(7 — @)) is the Jacobian factor, which is obtained
by transforming the cross section to be differential in

Bjorken-x instead of the neutrino rapidity y,. These two
variables are related by

pre’
V= pren

The Mandelstam variables in Egs. (4) and (5) can be written
in terms of the kinematic variables of the produced neutrino
and the center-of-mass energy, namely

X

(6)

§ = xs, (7)
P=—-0=—\/sphe' = —x\/spfle,  (8)
it = —x\/sphe™ = —/sphlet, 9)

Here pjfft and yj, denote the jet transverse momentum and
rapidity, respectively.

B. Neutrino-jet correlations

Next, we discuss neutrino-jet correlations via the
exchange of a W~ boson in polarized electron-proton
scattering

P(PasAp, §T) + e(Pg, 4.) = jet(P;) +v(Pp) + X. (10)

Here A indicates the longitudinal polarization and §T
denotes the transverse spin vector of the proton. In order
to access TMDs, we study back-to-back neutrino-jet
production in the ep collision frame. By defining light-
cone vectors | = %(1,0, 0,1) and n* = \/%(1,0,0, -1),
we write the momentum of the incoming proton P, and the
electron Py as

2
Pt — ptpt M Ho Pt = S 11
A n++2P+n_~ n+ 2n+y ( )

Pl = \/gn’i. (12)

Here s = (P, + Pg)? is the center-of-mass energy. We set
the final observed jet to be produced in the xz plane, with
the following momentum P = E,(1,sin6;,0,cos6;).
Here E; is the jet energy and the angle €; is measured
with respect to the beam direction. We find that the
differential cross section can be written in terms of the
structure functions as follows'

'Notice that unlike the usual practice for SIDIS or Drell-Yan
(DY) cross sections, we do not factor out the elementary cross
sections from the structure functions. Our structure functions
therefore become dimension-full quantities, see for instance
Ref. [74].
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deep—rietX
dxd®pydqr
= Fuu+ 4y For + IS¢ [sin(, = s, Fyr" "
+cos(y — ps, ) Fyp " ] + A [FLU +,F
sin(h,~dbs,)

+ |Srlsin(¢, — s, ) Frr "

cos(ey (/)
+ 187 cos(eb — s, ) Fi7 "]

(13)
The subscripts E and P of a structure function Fgp indicate
the polarization of the incoming electron and incoming
proton, respectively: U for unpolarized, L for longitudi-
nally polarized or T for transversely polarized. For exam-
ple, for unpolarized scattering, the structure function is
denoted by Fyy. In the limit of small values of the
transverse-momentum imbalance |G7| < pr ~ pY, one
can write this structure function in the following form
using the TMD factorization formalism

|Me U |
Z 16q2§ H(Q.1)T (P} R.p)
dbsb
X/ 2T TJQ(quT) (xbe7/’t7C)
X Sq(bTa yjethnu)' (14)

Here H(Q,u) is the hard function, which accounts for
virtual corrections at the hard scale Q. The jet function 7 q
is associated with collinear dynamics of the jet with
characteristic scale u; ~ Te[R [75]. For our numerical
results presented below we use the anti-k; algorithm
[76]. The quark TMD PDF including the appropriate
soft factor for a generic TMD in by space is defined
by [20,77]

(n),TMD 2zn

n ' k n
fo (X by, Q) _W/dkaT<b_:) Ju(krb)
x]‘EMD(x,k%,y,C), (15)

where M is the mass of the nucleon and J,, is the nth order
Bessel function. Here u is the renormalization scale, while
¢ is the so-called Collins-Soper scale [78]. Notice that
for the unpolarized TMD fT™MP| n = 0. The unpolarized
TMDPDF f™P (x, by, &) in Eq. (13) is factorized as

~ ldx X o
f’lTMD(x?bT7ﬂ’C):/ % Cq<—t</\vﬂb*>fll(x7/‘b*)

- SJI:IP(X’ bT’ QO’ C)]’
(16)

S exp[_Spert (/’4’ ﬂb* )

where the b, prescription is given by Ref. [79] with
b, = by/\/1+ b2/b%, and b, = 1.5 GeV~!. In this
work, we follow the TMD factorization for Sivers function
shown in Ref. [63], where TMD evolution up to next-to-
next-to-leading logarithmic accuracy has been provided in
the Sivers extraction. The coefficient functions C,._; can be
found in Refs. [68,78,80-83] and the nonperturbative

Sudakov factor S{:Ip(x, br, Qp,¢) has been parametrized
in Refs. [53,63]. The remaining soft function S, in Eq. (14)
includes a contribution from the global soft function which
depends on the Wilson lines in the beam and jet directions,
and the collinear-soft function associated with the soft jet
dynamics. Since S, accounts for different soft contribu-
tions, it depends on both the jet rapidity y;, and the jet
radius R and the expression of S, is given in [15].

The other cross sections or structure functions in Eq. (13)
depend on the polarization state of the nucleon (longi-
tudinal or transverse) and the longitudinal lepton polari-
zation. As an example, we consider the case where the

initial proton is transversely polarized. The cross section

or structure function F UT(¢q ) sensitive to correlations

of an unpolarized quark in the transversely polarized proton
is given by

sin(¢p,— |Me_, | ;
A Ll

db b3
X/ 4TMT11( TbT)fll;I)’TMD(x’bTv,u’Z:)

X Sq(bT’yjet’R’ﬂ)' (17)

In this case, the structure function is related to the

Bessel function of the first order J;(grby) and the

. . .1(1).TMD
Sivers function f 17(‘ )

in Eq. (195).

We provide more details about the other structure
functions in Eq. (13) in Appendix A. For example, for
an incoming electron with helicity 4,, one replaces 624~
erq—vq

(x, by, u, {) in by space as defined

with o, as given in Eq. (A6).

C. Hadron distributions inside jets

In this subsection, we study the longitudinal- and
transverse-momentum distributions of hadrons in the
identified jet for electron-proton scattering via the exchange
of a W~ boson:

p(Pa, 2y, Sr) + e(Pp. 2,)
- (jet(P))h(zp, 1)) + v(Pp) + X. (18)

The production of unpolarized final-state hadrons at
leading twist is encoded in two TMD jet fragmentation
functions, D; and H7- [20]:
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fe T -
Zth2.

(19)

A(Zth) D/ (Zh JT) IHL h/q( hva)

Thus, we find the following differential cross section
expressed in terms of structure functions

do.ep—>v+jetX
dxd?pyd®qrdz,d?jr
= Fiyy + 4, Fty + 1S7] [COS( - ¢s,

. h.sin(g,—gs, )
+sin(¢, — ¢, ) Fyr B } + 2, [FIZU +/1]JFZL

V! hsm (bg—bs,)

V" hcos (bg=bs,)

+ |S7|sin(¢, — s,
coscb ~¢s,)
+ 17| cos(ehy — s, )7 "], (20)

In total, we find eight structure functions and the full
expression is provided in Appendix B. Following the same
convention we used in Eq. (13), the subscripts £ and P of a
structure function F%,, here also indicate the polarization of
the incoming electron and the incoming proton, respec-
tively. Notably, we found that none of the Collins-type jet
fragmentation functions contribute in Eq. (20). The reason
is that chiral-odd functions have to be coupled with another
chiral-odd function, the chirality between two factors of
(I —ys) resulting from the weak charged-current vertices
must be odd. As a result, see Eq. (B5), we always have
(I —y5)(1 4+ y5) = 0, which implies that all terms involv-
ing chiral-odd functions vanish. This conclusion is robust
at leading power of the TMD factorization formalism we
are using. However, whether this still holds going beyond
the leading power TMD factorization, see e.g. within TMD
factorization at subleading power [84-86] or including
higher loops as discussed in Refs. [87,88], needs further
investigation. We leave such a study to a future publication.

Using TMD factorization at leading power, see
Refs. [50-52,75,89-94], we can write the unpolarized
structure function where a hadron is measured inside the
jet as follows:
H(Q.1)S o™ DIV (2, jy.

q

Fl, = PrR.p)

Sq<bT’ yjethHu)‘
(21)

Here the variables zj, = P, - Pier/|Dje|* and jr = [Py X
Pietl/|Pier]* denote the longitudinal momentum fraction
and the transverse momentum relative to the (standard)
jet axis of the hadron inside the jet, respectively. In the
factorized cross section in Eq. (21), Dh/ 7 is a TMD
fragmenting jet function. It describes the hadron-in-jet

(2]_[)2 1 s UT s s

measurement and replaces the jet function 7, in Eq. (14).
At next-to- leading logarithmic (NLL) accuracy, we can

write Dh/ a

h C
D /q(zh JTs p]’l?[R’,u)
&b
/e
Here we work in Fourier conjugate space and D‘f/ "is a
TMD fragmentation function (TMDFF) evaluated at the jet

scale. We use the Fourier variable l;/T here to indicate that
there is no convolution of the TMD fragmentation function
with the TMD PDF in Eq. (21). Also note that the TMDFFs
can be matched to the collinear FFs [78,80] and in this
work, we apply the extraction of collinear fragmentation
functions in [95] for constructing the TMDFFs. See
Ref. [93] for more details.

eI/t (z, By, pRR).  (22)

IV. SIMULATION

In this section, we discuss Monte Carlo event-generator
results for neutrino-jet correlations as well as detector-
response simulations. We show comparisons between
theoretical calculations discussed in the previous section
and the Monte Carlo simulations for unpolarized cross
sections in CC DIS events.

A. Event generation with PYTHIAS

We used PYTHIA8 [96] to simulate CC DIS events in
unpolarized electron-proton and positron-proton collisions.
We choose the energies of the incoming electron and
proton as 10 GeV and 275 GeV, respectively. These
beam-energy values, which yield a center-of-mass energy
of \/s=105GeV, correspond to the operation point that
maximizes the luminosity of the EIC design [97]. Following
Ref. [43], we selected events with Q% > 100 GeV?. QED
radiative effects [98,99] are not included in the simulation to
match the calculations in Sec. IIl.> We used the FASTIET33
package [101] to reconstruct jets with the anti-k; algorithm
[76] and jet radius parameter R = 1. The input particles for
the generator-level jet-finding algorithm are all stable par-
ticles (cz > 10 mm), except for neutrinos.

Figure 2 shows our theoretical results at NLL accuracy
for the transverse momentum imbalance of the neutrino and
jet g7/ p%. In addition, we show the PYTHIAS8 simulations
for unpolarized CC DIS events. The theoretical uncertain-
ties are obtained by varying the scales renormalization scale

e~ pjTet and the jet scale u; ~ pjTetR by a factor of 2 around
their central values and taking the envelope. We observe

*Based on similar measurements in NC DIS [100], the QED
corrections are expected to be small for the observables consid-
ered in this work. Therefore, we do not expect that our
conclusions are affected by these effects.
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9 PYyTHIAR ———
3 NLL
N
=7 4
&6
=
< 4t [
X gt N
2 <
— 2 F L—L_
1 e
0 : : : : : : :
0 0.05 0.1 015 02 025 03 035 04
qr/pr

FIG. 2. Normalized distribution of the neutrino-jet imbalance
momentum ¢;/p% in unpolarized electron-proton scattering
via the exchange of a W~ boson. We show our theoretical results
at NLL accuracy with QCD scale uncertainties (orange) com-
pared to Monte Carlo event-generator simulations obtained with
PYTHIAS [96] (blue).

good agreement between the resummed TMD calculation
at NLL and the PYTHIAS8 results. However, the tail of the
qr/p% distribution falls slower at high g;/p% for the
PYTHIAS simulations compared to the resummed TMD
result. This is likely due to multijet events, which are
not included as a matching contribution in the TMD result
at large gy

Figure 3 shows our theoretical results including QCD
scale uncertainties (we again take the envelope of the
results when varying the scales u ~ ps' and y; ~ p)/'R by a
factor of 2 around their central values) for the longitudinal
7, and transverse momentum j; distributions for z*
compared to the PYTHIAS results. We use the same
simulated event sample as described above, and we observe
reasonable agreement between the two results.

PyTHIAS ——
10 o NLL
L
g 1t
3
? f
3 Q? > 100 GeV? ,
X 01 }F  15<ph <20 GeV N\
= 0.1<y<085 LL'-L
0.01 | i
0.001

0.1 1
“h = (ﬁjet 'ﬁhadron)/wjeﬂ2

FIG. 3.

e~ p, CC-DIS, 10+275 GeV

1.0
<+ neutrinos
—— -+ jets, anti-kr R<1
571051 = e 0.8
|
> e
[}
9 [ ]
— —— 0.6
a Q2>100 GeV? e _
p 0.01<y<0.9 x
1<)
= 104 .
» 0.4
E [}
kS JE
B [ ]
S . 0.2
[ ]
103,
0.0
10 20 30 40

Lab frame pr (GeV)

FIG. 4. Expected yield of neutrinos and jets in CC DIS events
with an electron beam and 100 fb~! integrated luminosity. In
addition, we show the average parton momentum fraction x,
which is probed as a function of the neutrino transverse
momentum in the laboratory frame. The cross sections generated
in PYTHIAS have been scaled to match the total cross section
calculated at next-to-leading order in Ref. [43].

Lastly, Fig. 4 shows the neutrino yields expected
for 100 fb~!, which can be collected in about a year of
running at 10** cm™2s7!, as a function of the neutrino’s
transverse momentum. We also show the mean of the
parton momentum fraction x as a function of transverse
momentum (red dots). Values up to x = 0.8 can be probed
with jet/neutrino transverse momenta of p; =45 GeV,
which corresponds to the kinematic limit. With 100 fb~!,
the statistical uncertainty of the cross section measurement

2
PYTHIA8 ——
NLL
15 | "1._|1
S L
° , Q2 > 100 GeV?
= 1t b v
% | 15 < ph < 20 GeV|
o 1 0.1<y<0.85
= 0.1<2,<05
05 |
0

0 0.5 1 1.5 2
Jr = (ﬁjet x ﬁhadron)”ﬁjed [GeV]

Distributions of the z*-in-jet longitudinal-momentum fraction z;, (left) and the transverse momentum j; (right) in CC DIS

events. We show our theoretical results at NLL accuracy with QCD scale uncertainties (orange) compared to Monte Carlo event-

generator simulations obtained with PYTHIAS [96] (blue).
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FIG. 5. Display of a simulated CC DIS event using DELPHES
[102]. Top: 3D view. Bottom: transverse view.

is expected to be negligible over the entire kinematic range.
However, high luminosity is needed to measure the
corresponding spin asymmetries, as will be further dis-
cussed in Sec. VII below.

B. Detector-response simulations

We use the DELPHES package [102] to perform fast
detector simulations with parameters specified in Ref. [103].
We consider a general-purpose detector geometry including
tracking, electromagnetic and hadronic calorimeters with
coverage up to |#| = 4.0 and full azimuthal coverage, as
described in the EIC Yellow Report [2]. This is in line with
proposed EIC detector design [104—106] that considered a
high degree of Hermeticity, which can be ensured with
dedicated detectors at forward angles [107]. We show a
representative charged-current event in Fig. 5.

To reconstruct jets in the detector-response simulation,
we use again the FASTJET3.3 package [101] with the anti-kr
algorithm [76] and R =1 [108]. As input to the jet
algorithm, we use the set of particle-flow objects recon-
structed with DELPHES.

In Fig. 6, we show the hadron-in-jet momenta for
reconstructed z*, as well as the average zj, in each
momentum bin. We find that the charged pions in jets
are mostly in —0.5 <5 < 3.5, and have momenta up to

3.5 1.0

3.0 o
g

0.81Q

» 25 =
3 kol
o= 2. Q.
5 g
g 1.5 E
1q

2 1.0 0.4 =
2 I
M os 10+275 GeV 3
== Pt > 5 GeV oo &
0.0 015<x<02 [* §

: 0.1<y<0.85 S

05 02> 100 GeV?

o
o

10 20 30 40 50
m* momentum [GeV]

FIG. 6. Pseudorapidity and momentum distribution of charged
pions in jets with py > 5 GeV in ep CC DIS. The average
longitudinal-momentum fraction of the hadron with respect to the
jet axis is shown by the red dots.

about 45 GeV, which can be identified with high purity
using gas-based Cherenkov detectors [2].

V. EVENT RECONSTRUCTION AND
KINEMATIC RESOLUTION

As typically done at particle colliders, neutrinos can be
identified by measuring the missing transverse momentum,
pmiss which is defined as the vector sum of the transverse
momenta of all measured particles (identified using the
particle-flow algorithm to avoid double counting).

In this section we estimate the performance of this
reconstruction method for EIC. We expect this estimate
to be reasonable given that the DELPHES fast smearing
was shown to reproduce reasonably well the performance
obtained from a comprehensive detector simulation of the
Compact Muon Solenoid (CMS) experiment down to about
| pimiss| =20 GeV [102].

We define ¢, as the azimuthal angle of —pFss. We
show the reconstruction performance of ¢, in Fig. 7. The
standard deviation is less than 0.06 radians, which is of
similar order as the dijet azimuthal-angle resolution of the
measurement presented in Ref. [109].

We employ the Jacquet-Blondel (JB) method of Ref. [110]
to reconstruct the lepton kinematics. The event inelasticity is
given by y;g = > (E; — p.,;)/(2E,), where the sum is over
all the reconstructed particles. The four-momentum trans-
fer is given by Q%; = (p¥5)2/(1 — y;g) and the Bjorken
scaling variable is x;p = Qfy/(syp), where s = 4E,E, and
E, (E,) is the energy of the electron (proton) beam. The
resolution of reconstructing these variables for inclusive DIS
was investigated in Refs. [14,43], and was found to be
reasonable for all three of these variables. The performance
of the Jacquet-Blondel method might be improved with
machine-learning methods such as those proposed in
Refs. [111-114].
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FIG. 7. Performance of the reconstruction of ¢, in CC DIS
events. The red error bars indicate the means and standard
deviations for given slices of p%.

In Fig. 8, we compare the reconstructed values of g7/ p%
with the values obtained at generator level. We chose
the number of bins such that the expected bin purity, the
fraction of generated events that are reconstructed in the
same bin, is at least 50%. At this level, the proposed
binning is amenable to standard unfolding methods. The
bin purity is shown in the bottom panel.

VI. SUPPRESSION OF THE BACKGROUND FROM
NC DIS AND PHOTOPRODUCTION

Given the relatively low rate of charged-current DIS
events relative to neutral-current DIS and photoproduction,
the background suppression generally represents a signifi-
cant challenge. If the scattered electron is missed, the event
topologies of neutral- and charged-current DIS can become
identical. We expect that this scenario will be significantly
suppressed at the EIC compared to the HERA experiments
due to improved low-angle taggers for low-Q? events [2],
although the performance of these systems is hard to
estimate at this point.

Rather than using a low-angle scattering veto to suppress
photoproduction, we follow the approach used by the
CC DIS analyses at HERA [33] which relied on two
kinematic variables: 6 =) , E; — p.; (where E; and p_;
are the reconstructed energy and longitudinal momentum
of detected particles, and the sum runs over all recon-
structed particles) and the ratio of the antiparallel compo-
nent V,p and the parallel component, Vp, of the hadronic
final state. The two components are defined as

Vap = —Zf?T,i -it, for pr;-h <0, (23)

and

Vp = Z‘BT”' . fl, for ﬁT.i -n>0. (24)
i

0.5;

0.4

e
(%)
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e
N

0.1

0.0
10 — Gen. 02?>100 GeV?
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S PR > 10 GeV
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5 2y 2
X (0°)=1334 GeV
2 (xg)=0.27
— :|
0
1.00
0.751
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5 0.50———
(o
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0.00
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arlpy
FIG. 8. Top: 2D histogram of the generated g7/ p% (x axis) vs

the reconstructed value (y axis). Middle: spectra of reconstructed
and generated gr/p%. Bottom: purity as a function of g7 /p¥.

Here pr; are the transverse parts of the individual particles’
momenta, 2 = —p4%/|p4%|, and we sum over all recon-
structed particles in the event. The purpose of the cuts
on this variable is to ensure an azimuthally collimated
energy flow. For charged-current events, the ratio Vp/Vp
is small—in particular for the events that we are interested
in for TMD studies.

In order to test the efficacy of these variables for
background reduction, we ran simulations of photoproduc-
tion reactions in the same manner as our CC DIS simu-
lations, see Sec. IV above. We focus on photoproduction
because it is expected to be the dominant background,
based on experience from HERA [33].

We used the following cuts: p% > 15 GeV, V,p/Vp <
0.35, and 6 < 30 GeV, which are similar to the values used
in Ref. [33]. We found that ~30% of the generated CC DIS
events passed the cuts, whereas only 0.0005 £ 0.0002%
of photoproduction events passed the cuts. However, the
photoproduction cross section is three orders of magnitude
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FIG. 9. Projected statistical precision for the neutrino-jet
asymmetry, which is sensitive to the Sivers distribution, for
e p collisions (open circles) and e~ p collision (closed circles),
for 100 fb~!. The yellow and blue curves show theoretical results
and the corresponding bands show the uncertainty of the
extracted Sivers function in Ref. [63].

larger compared to CC DIS (58 nb, compared to 14 pb,
estimated using PYTHIAS). Therefore, we estimate that
about 8 3% of the identified event sample would be
background from photoproduction when using only cuts
on kinematic variables and no additional low-angle
electron tagger.

Given that our estimate suggests that the background will
be reduced to manageable levels, we neglect it from the
projections we show in Sec. VII.

VII. STATISTICAL PRECISION OF SPIN
ASYMMETRY MEASUREMENTS

In Fig. 9, we show the statistical uncertainty projected

for the transverse single-spin asymmetry AS[;HT(%_%") as a

function of Bjorken x. The bins in Bjorken x are sufficiently

wide to reduce bin migration, given the resolution of the
Jacquet-Blondel method (see Refs. [14,43]). Here we
assume a luminosity of 100 fb~! and the absolute uncer-
tainty of the asymmetry measurement is estimated to be
\/5/ (pﬁ) where p is the polarization of the proton
beam, which we take to be 70%, and N is the number of
events in a given bin that pass our cuts, scaled to match
the next-to-leading-order total inclusive cross section of
Ref. [43] and an integrated luminosity of 100 fb!.

Following Ref. [115], we include a factor of \/§ to account
for the fitting of the azimuthal modulations.

We compare these results to the numerical results of
our calculations, see Sec. IIl, which are integrated over
the transverse-momentum imbalance 0 < g7 < 5 GeV and
inelasticity 0.1 <y < 0.9. The uncertainty bands of the
calculations show the uncertainty of current extrac-
tions of the Sivers function, see Ref. [63]. The projected
statistical error bars are smaller than the predicted
asymmetry for the first three bins, allowing the proposed
measurement to provide a decent comparison to theo-
retical calculations.

While these measurements would provide weaker
constraints on TMDs than analogous ones in the neu-
tral-current channel, they offer an independent check
with different flavor sensitivity. Moreover, they could
test the consistency and universality of the theoretical
predictions.

The measurement that is projected in Fig. 9 would require
electron and positron beams. The capability to operate with
positron beam is not included in the EIC baseline design
although it might be a possible upgrade. Figure 9 shows that
the positron data would yield an opposite asymmetry
compared to the electron data, and their comparison could
help constrain in particular the TMDs associated with the d
quark. Within a global analysis, it will be possible to further
demonstrate the impact and complementarity of the pro-
posed jet observables to disentangle the flavor dependence
of PDFs [56,58-65]. We leave dedicated studies for
future work.

7t —e—
0.1} . i
Electron beam prediction
~ 005r 010 <z <0.20 " 0.20 < z < 0.30 " 0.30 <z < 0.50
S
|
§ 0
= —0.05} i i
0.1} s -

01 02 03 04 05
Zh

01 02 03 04 05

01 02 03 04 05
Zh Zh

FIG. 10. Projected statistical precision for the z;, dependence of the z*-in-jet Collins asymmetries (open circles for z*, closed circles

for z7) in electron-proton collisions.
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We likewise show in Fig. 10 the projected statistical
uncertainties for hadron-in-jet Collins asymmetries as a
function of z, and Bjorken x for charged pions with
jr < 1.5 GeV. As explained in Sec. III, this asymmetry
is expected to vanish in CC DIS within the TMD factori-
zation formalism at leading power due to the chiral-odd
nature of the transversity and Collins functions. The
projected statistical uncertainties are at the level of 1%
or smaller for small z;,. As we have mentioned earlier,
performing these measurements will enable precise tests of
the theory and the assumptions of factorization and
chirality of the functions involved. If the asymmetry is
not observed to be exactly zero, it might indicate sensitivity
to subleading contributions that we have neglected in
Sec. III or some other nonstandard effect.

VIII. SUMMARY AND CONCLUSIONS

We have proposed a novel channel to study the 3D
structure of the nucleon at the EIC that offers unique
sensitivity to different quark flavors: neutrino-jet correla-
tions in charge-current deep-inelastic scattering.

We have presented first calculations of unpolarized
cross-sections and transverse-spin asymmetries for this
channel. In addition, we performed calculations of longi-
tudinal and transverse momentum distributions of identi-
fied hadrons inside jets and we compared our results to
Monte Carlo event-generator simulations. We find that
the hadron-in-jet Collins asymmetry is exactly zero as a
consequence of the chiral-odd nature of the effect.

We used the expected EIC machine parameters in terms
of luminosity and energy to estimate the kinematic reach
of the proposed measurement. We also used fast detector
simulations to estimate the performance of the neutrino
(missing-momentum) reconstruction, and the neutrino-jet
momentum imbalance. We found that these measurements
should be feasible with a general-purpose detector at the
EIC running at nominal luminosity.

Jet-based TMD measurements in charged-current DIS
will provide important cross-checks and complement
analogous measurements in the neutral-current channel.
As such, we conclude that this channel represents an
interesting addition to the growing science program that
can be carried out with jet measurements at the future EIC.
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APPENDIX A: INCLUSIVE JET PRODUCTION

In this appendix, we provide the expressions for all
the structure functions that appear in Eq. (13). We start
with the squared matrix element of the process e + p —
v+ jet + X, where the incoming proton and electron are
unpolarized, which is given by

(7 -%f) (o - )

_/\/[2: ; 2
M| <2sm29w>' d (¢ - %V>2+<mwrw>

cxlrr (52 (52
ol (e ()]

8(GFmW) |Vud|2 ('E _ m%v)z + (mWFW)2
x Tr [P,M(l _27/5)}”37”(1 _2}’5)]
il per, (157 P (V57 |

Here P, = xP, and P. = P, and we used 4Gr/V2 =
e?/(2m?;sin%d,,). For a longitudinally polarized proton

with helicity 4,, we substitute PA - J/SPA For a trans-
Versely polarlzed proton with transverse spin S’., we have

(A1)

}" W= 757:” 4+ However, note that the trace of the hadronic
tensor vanishes for a transversely polarized proton. For a
longitudinally polarized electron with helicity A,, one
substitutes Pz — Py + A.ysPp. The leptonic tensor is
given in terms of the momenta of the electron and the
left-handed neutrino:
-y 5> }
> )

—g"Py-Pp+ ieﬂUPBPD)’

LY =Tr|Ppy*(1 + /lgrs)f’m/”<

= (1= 2)(P}Py + P4 Pl

o (A2)
where

LY = (PyPy + P4P) — ¢“Py - Pp + ie™™).  (A3)
LYy = =2, (PP + P4Ply — g Py Py +ie™PsP2). (Ad)
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represent the polarized and unpolarized components of
the leptonic tensor. We can then obtain the differential
cross section given in Eq. (13) with the following structure
functions

‘Me —U | je
Fuu—z 6ng Qﬂ) ( TtRu“)
db;b
X/ ZTHTJO(CITbT)f?MD(vaT,MvC)

S Sq(bT’ yjet’R’ﬂ>’

= C[fl]eq—wq” (A5)
Fro=Clfile,gmvq (A6)
Fyp = C[glL]eqL—wq” (A7)
Frp = C[glL]eLqL—wq” (A8)

eqL—wq |

162252 ( ;tRn“)

FZ); (pg=tbs,) Z

db,b?
/ d TJ C]TbT)gglr)’TMD@vbT’ﬂvé)

xS (bT y]et’R :u)

H(Q.u)J,

— C[g17) gy gt (A9)
Fi ™) = Clgin] 1o (A10)
For "™ = Gl gy (AL1)
Frp " =l (A12)

The relevant leading-order matrix elements squared are
given by

2
M N
Meu—wZ:SG 22‘/”2,\ ,
Mewcad =8Grm ) Wedl G oo,
(A13)
a2
MM u
Meamal® = 8(Grm2)? |V al* = ,
| Ld—wu‘ ( FmW) | d| (l‘—m%l,)2+m%vl—%v
(A14)
|meLq—>uq"2 = _|Meq—>yql 2, (A15)
|M3(IL—’W]/|2 = |meq—>yq/|2a (A16)
|MEL11L—>W]/|2 :|H6q—wq’ 2, (A17)

The matrix elements for an unpolarized and polarized
electron are related to each other, see Eqgs. (A16), (A17)
due to the factor (1 — 4,) in the expression of the leptonic
tensor. As a result, we obtain the following relations
between the different structure functions:

Fly = —Fyp. (A18)

Frpo=-Fyr, (A19)
Fbts) _ _peosdads,) (A20)
Fints) _ _pinéeds,) (A21)

APPENDIX B: HADRON DISTRIBUTIONS
INSIDE THE JET

For an unpolarized final-state hadron, we obtain TMD jet
fragmentation functions D;, H; at leading twist [20]. The
corresponding correlator can be written as follows:

/- Lk  JT
D}/ = Uz, =,
(zn J1) 5 i (zps jr) WM, 2

(B1)

A(Zth)

where we suppress the dependence on the renormalization
scale p and the Collins-Soper scale ¢ [78]. The different
traces of the correlator are given by

AR/alr] — Dil/q(zh’jT)’ (B2)

ij: j
Ah/dlicrs] — ﬂH“’/ Uz B3
oM, ( ho ]T) ( )

For an electron colliding with an unpolarized or a longi-
tudinally polarized initial proton, we obtain the same
partonic scattering amplitudes as shown in Appendix A.
However, if the electron collides with a transversely
polarized quark from the initial proton, the corresponding
term in the hadronic tensor is given by

b (52)0 (55)] e

where P, = xP, and P = P,. For different TMD PDFs,
the vector ¢ is given by (—=$7ys) for hy, (=4, Kkrys/M) for
hiy, (=iftr/M) for hi and ((kr - Srkr — kr$7/2)rs/M?)
for h{;. Note that there are always three y matrices between

the (1 —ys)/2 factors in the expression of the hadronic
tensor in Eq. (B4). Thus, we find
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1 - 1 —7s5
2 Y(xYﬂyp D)
. L4+ys\(1—rs\ _ 0
=7YalpYp ) )

Therefore, the expression in Eq. (B4) vanishes and spin
asymmetries involving transversely polarized quarks in CC
DIS are zero. As a result, all contributions related to chiral-
odd Collins jet fragmentation function do not appear in the
differential cross section for hadron-in-jet production.
Here, we show the differential cross section in terms of
the remaining nonzero structure functions

(BS)

do.ep—»v+jetX

dyjdszTdZQTthdzj T

h.cos(¢y—bs,)

= Fly + 2 Fly, + IS¢ [cos(e, = s, )iy

. h,sin(
+ sin(¢p, — s, ) Fyr 0 ¢5A)]

o
A

¢SA)F27C~OS ¢q_¢SA>)i| ) <B6)

2 [Fhy + 1871 sin(et,
+ A,F, +|Sr|cos(g,

In total there are eight structure functions, which are
given by

|Me —v | e
FZU Z 16q2 g (Qv/"ﬂ)l( SR R, p)
dbsb
X/ 2TJTTJO(QTbT)fTMD(Xv br,u,¢)
X Sq(bT’yjet’Rv/’l)’
=C [lel]eq—wq/’ (B7)

F?U =" Lf]D]]eLq—wq/’ (B8)
F}ll]L = Ch[glLDI]eqL—»yqu (B9)
FiL =C"o1Dile,g, g (B10)
e -y Bl o my o
< [ b ™ by )
X Sy (br, Vies R, 1),

= [ngDl/M]eqL—wq” (B11)
Fiss o) — ehig DM, e (B12)
Fop )~ e DyM,, . (BI3)
Fry ) — DM,y (B14)

We can obtain relations between the different hadron-in-
jet structure functions analogous to inclusive jets produc-
tion (see Appendix A):

Fly=-Fiy. (BLS)
Fh, =—Fh, (B16)
Freosbibs) _ _pheosthids,), (B17)
pln s, _ _ phsind,bs,) (B18)
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