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Semi-inclusive deeply inelastic neutrino and antineutrino nucleus scattering
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The (anti)neutrino nucleus scattering plays a very important role in probing the hadronic structure as well
as the electroweak phenomenologies. To this end, we calculate the jet production semi-inclusive deeply
inelastic (anti)neutrino nucleus scattering process. The initial (anti)neutrino is assumed to be scattered off
by a target particle with spin 1/2 or 1. Due to the limitation of the factorization theorem, calculations are
carried out in the QCD parton model framework up to tree level twist-3. We consider both the neutral
current and the charged current processes and write them into a unified form due to the similar interaction
forms. Considering the angular modulations and polarizations of the cross section, we calculate the
complete azimuthal asymmetries. We also calculate the intrinsic asymmetries which reveal the imbalance in
the distribution of the intrinsic transverse momentum of the quark. We find that these asymmetries can be
expressed in terms of the transverse momentum-dependent parton distribution functions (TMD PDFs) and
the electroweak couplings. With the determined couplings, these asymmetries can be used to extract the
TMD PDFs and further to study the nucleus structures.
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I. INTRODUCTION

Our understanding of the parton-level structure in the
nucleon comes predominantly from the lepton (e™,u")
deeply inelastic scattering (DIS) measurements in which
parton distribution functions (PDFs) are extracted with very
high precision. This process provides a great opportunity to
understand the parton model and/or the factorization theo-
rem. It will still play an important role in the future Electron-
Ion Collider (EIC) [1-3] experiment to explore the spin
and three-dimensional structure of the nucleon over wide
kinematic regions. In addition to the charged lepton DIS,
(anti)neutrino nucleus scattering is also important in study-
ing the nucleon and/or nucleus structures. On the one hand, it
provides information on the flavor separation which cannot
be realized in the charged lepton (SI)DIS experiments alone.
On the other hand, the (anti)neutrino nucleus scattering can
be used to study the EMC effect [4] since high Z nuclei
are usually used in the scattering experiments because of the
very weak interaction between the (anti)neutrino and the
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nucleus. The DIS reaction is proposed mainly for the study
of strong interactions but it has abilities to study electroweak
physics by considering the neutral current and charged
current interactions, i.e., interactions are mediated by the Z°
and W* bosons. For example, precision measurements of
the weak mixing angle [5] (parity violating asymmetries [6],
charge asymmetries and left-right asymmetries) can be used
to determine the running of sin’ @y, as a function of Q2,
which is helpful in finding hints of new physics. Further-
more, measurements of the neutrino oscillation, CP viola-
tion, mass hierarchy and other topics rely heavily on
accurate measurements of different neutrino scattering
processes for different kinematic regions, such as the
quasielastic scattering, inelastic scattering and the deeply
inelastic scattering [7,8].

Measurable quantities in DIS are expressed in terms of
PDFs which reveal the longitudinal momentum distribu-
tions of quarks and gluons or the one-dimensional structure
of the nucleon. To explore the three-dimensional structures
or the transverse momentum-dependent (TMD) PDFs, we
need to consider the semi-inclusive DIS (SIDIS) where a
final current region jet or a hadron is also measured in
addition to the scattered lepton. Comparing to the hadron
production SIDIS, the jet production one has two distinct
features. First, the production of jets in a reaction can take
on simpler forms that do not introduce additional uncer-
tainties that arise from fragmentation functions. This is
helpful to improve the measurement accuracy. However,
due to the conservation of the helicity, jet production
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SIDIS cannot access the chiral-odd TMD PDFs. Second,
the final jet in SIDIS can be a direct probe of analyzing
properties of the quark transverse momentum in the VN
collinear frame. Here V denotes the propagator vector
boson (y*, Z°, W*). In this frame, the transverse momen-
tum of jet is equal to that of the quark if higher order gluon
radiation is neglected. Therefore the jet production SIDIS is
a good candidate to explore nucleon three dimensional
imaging [9-18].

The electron induced jet production SIDIS for both
the neutral current and the charged current cases are
available in Refs. [19,20]. In this paper, we calculate the
(anti)neutrino induced jet production SIDIS process. It can
provide not only information on the flavor separation
and EMC effects, as mentioned before, but also additional
ways to measure the weak mixing angle. The initial
(anti)neutrino is assumed to be scattered off by a target
particle with spin 1/2 or 1. Both the neutral current and
the charged current interactions are considered. Due to the
limitation of the factorization theorem, we here only
consider the leading order or tree level reaction.
Calculations are carried out up to twist-3 level in the
QCD parton model by applying the collinear expansion
formalism [21-23]. Higher twist effects are often signifi-
cant for semi-inclusive reaction processes and TMD
observables. For the case of twist-3 corrections, they often
lead to azimuthal asymmetries which are different from the
leading twist ones [24-26]. Thus, the studies of higher twist
effects will give complementary or even direct access to
the nucleon structure or hadronization mechanism. We
therefore present the results of azimuthal asymmetries and
intrinsic asymmetries after obtaining the differential cross
section. The intrinsic asymmetry which was introduced in
Ref. [27] would reveal the imbalance in the distribution of
the quark intrinsic transverse momentum. We present a
rough numerical estimate to illustrate the intrinsic asymme-
tries. These asymmetries provide a set of new quantities for
analyzing the (TMD)PDFs and the electroweak couplings
in the jet production SIDIS process. It is helpful to under-
stand the hadronic structures and the V — A theory. For the
charged current scattering process, we further define the
plus and minus cross sections to study TMD PDFs.

To be explicit, we organize this paper as follows. In
Sec. II, we present the kinematics and conventions used in
the calculations. In Sec. 111, we calculate the hadronic tensor
in the parton model framework and show the explicit
expression at twist-3 level. The differential cross sections
and corresponding measurable quantities for both the neutral
current and charged current cases are respectively presented
in Sec. IV and Sec. V. A brief summary will be shown
in Sec. VL.

II. THE KINEMATICS AND CONVENTIONS

In this paper, we consider the semi-inclusive (anti)neutrino
DIS in the standard model (SM) framework. Both the

neutral current and charged current interactions for neutrino
and antineutrino scattering are included, i.e., we calculate
the following differential cross sections,

dolS. oS, doSS. oS, (2)
where NC, CC denotes the neutral current and the charged
current and vN, N denote the neutrino nucleus scattering
and antineutrino nucleus scattering. To be explicit, we label
the (anti)neutrino SIDIS as,

IO+ N(p,S) =1+ qK)+X, (2.2)
where [ can be a neutrino or an antineutrino and /' is the
corresponding final neutral or charged lepton. N denotes
the target particle, either a nucleon with spin S = 1/2 or a
nucleus with spin S = 1. ¢ is used to denote the produced
jet which is taken as a quark in this paper for simplicity, i.e.,
we do not consider the inner structure of the jet. Momenta
of the incident particles are shown in the parentheses. The
kinematic variables for the SIDIS are

0’ y=ra
2p-q’ p-l

s=(p+10)? (2.3)

where Q% = —¢*> = —(1 - I')%.

Although, the neutral current and charged current in the
SM have different couplings, they have the same forms. We
therefore can write down the differential cross sections in a
unified form,

ol PUdw

do, = AL, (LYW (g, p, k) —e———, 2.4
O SQ4 r ;w( ) (q 14 )(2”)3El’2Ek’ ( )

where subscript r = Z, W for the neutral current and
charged current (anti)neutrino scattering processes, respec-
tively. The hadronic tensor is given by

W (g, p.K) = > (27)*6*(p+ g — K = py)
X

x (N|J:(0) |k X) (K", X|J7(0)|N),  (2.5)
where J/(0) is the current can be either the neutral weak
current or the charged weak current. For the neutral weak
current, J%(0) = w(0)[Gy(0) with Iy = y#(ct, — ciy°).
For the charged weak current, J4,(0) = y(0)[%y(0)
with T = y#(1 —y°)/2. It is convenient to consider the
k' -dependent hadronic tensor which is given by

dk!
W (q,p.kK,) = | —=—W¥(q, p. k). 2.6
@0k = [ G W@ k). 26
In terms of the variables in Eq. (2.3), we have

d*l')2E; = ysdxdydy /4, where y is the azimuthal angle
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of T around I. Therefore the cross section can be rewritten

do, yaem
dxdydyd’k', — 20*

AL (LI)YWE (q.p. kL), (27)

The propagator factor for the neutral current and charged
current are respectively given by

Q4
(0> + M3) + T3M3 |sin'20,,

Ay = (2.8)

Q4
(0> + M3, +T3,M3, | 16sin'0

Ay = . (2.9)

where I,y and My, are widths and masses for Z° boson
and W* boson, respectively. 6y, is the weak mixing angle.
The leptonic tensor is defined as

L(LT) = 2[zﬂz; L= (1 lf)gﬂb} + 2. (2.10)

where 4, is introduced for convenience. For neutrino the
sign is —, while for antineutrino the sign is +.

III. THE HADRONIC TENSOR IN THE QCD
PARTON MODEL

The hadronic tensor given in the previous section
contains nonperturbative information and thus cannot be
calculated with perturbative theory. To obtain the cross
section, we would decompose the hadronic tensor with
Lorentz invariants and subsequently write it down in terms
of the structure functions which are similar to that, e.g.,
F,(x, Q?), in the inclusive DIS process. Supposing that the
target particle is a spin S = 1 one, we obtain in total 81
structure functions in the jet production SIDIS process, see
Refs. [19,20]. However, we do not present them in this
paper for simplicity and only concentrate on the calcu-
lations in the QCD parton model.

In the QCD parton model, the hadronic tensor is
expressed by the gauge-invariant TMD PDFs in the
SIDIS process. At the tree level, we need to consider the
contributions from the series of diagrams shown in Fig. 1.
The dashed lines denote Z° boson or the W+ boson for the
neutral and charged current interactions, respectively. One
only needs to consider the handbag diagram, (a), for
calculating the leading twist (twist-2) hadronic tensor.
For higher twist ones, multiple gluon scattering diagrams,
(b) and (c), should be included.

The hadronic tensor is spin-dependence. To be explicit,
we parametrize polarizations in the following. For the spin
1/2 particle, the spin vector can be parametrized as
SF =2y Bt S —

/Ihz%n”, where A, is the helicity

P

FIG. 1. The first few diagrams of the Feynman diagram series
with exchange of j gluons, where j = 0, 1, and 2 for diagrams (a),
(b), and (c) respectively. (a) denotes the handbag diagram. (b) and
(c) denote the multiple gluon scattering diagrams. The dashed
lines can be Z° boson or the W* boson for the neutral and
charged current interactions, respectively.

and M is the mass. The transverse vector polarization is
parametrized as

S4 = [87/(0,0, cos ¢, sin ). (3.1)
For the spin 1 particle, there are five kinds of polarizations,

SiesSir, Syp, 83, and S7.. We parametrize and define
them as in Ref. [28], i.e.,

Sir = |Scrlcosgrr, (3.2)
Sir = |Scrlsing,r, (3.3)
Tr = —Str = |Srr| cos 207, (3.4)
Str = Str = |Srr|sin 2977 (3.5)

We note that in this section we only calculate the
hadronic tensor for the neutral current process and the
subscript Z is neglected. For the charged current process
it can be obtained similarly, we do not repeat here for
simplicity.

At the leading order of the QCD, the hadronic tensor at
twist-3 can be written as

Wu(q.p.K\) ZW’W a.p. k), (3.6)

after applying the collinear expansion formalism [23]. Here
Jj denotes the number of exchanging gluons and ¢ denotes
different cuts, ¢ = R, L. After simple algebraic calcula-
tions, the hadronic tensor for 0,1 exchanging gluons are
respectively given by

~ 1 ~0) 2
W (g p. k) = 5 Te [ dO (e k)| (37)

~ 1,
Wi q.p.K,) =

4p - q

where 7’s denote the hard parts or partonic scattering
amplitudes and they are written as
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h) = pér‘zm’ .Y =T AT (3.9)
As mentioned in the previous section, I'; are different for
the neutral current and the charged current interactions.
But the correlators are not affected because they are QCD
quantities. The gauge-invariant quark-quark and quark-
gluon-quark correlators are defined as

. Yy dly, o o
SO (x, k) = / %em y i

X (N[g(0)L(0, y)w (y)IN),

3 praY &y, i
&) (k) = [ LB g,

X (N[(0)D 1, (0)L(0, )y (y)IN),

where D ,(y) = —id, 4+ gA,(y) is the covariant derivative.
£(0,y) is the gauge link obtained from the collinear
expansion procedure, which guarantees the gauge invari-
ance of the correlators.

The quark-quark and quark-gluon-quark correlators can
be decomposed in terms of the Dirac gamma matrices and
corresponding coefficient functions because they are 4 x 4
matrices. The complete decomposition of the correlator for
the spin 1 particle can be found in Refs. [28,29]. In the jet
production SIDIS process only the chiral-even TMD PDFs
are involved. Following the conventions in Refs. [19,20],
we decompose the correlators as & = L@, + yoys®,).
The TMD PDFs are obtained by decomposing the coef-

ficient functions. For @éo) and <i>((10), we have

(3.10)

(3.11)

_ k. -S
+”a<f1 +Seefie —% ir

ki SLT

Skk
fiir+ 1TT> + ko (f* + Seefin)

= MSroft+ MSiraf L1 + Skrfrr — )vhicj_afi_

kiakip (ep o0 L b oo L STT o
- M STfT+SLTfLT+ﬁfTT ’ (312)

MY
Wi, =

v . v k S
— (34 +lctffﬂ)< Angi + LM =Tyt

(p-a)W;5 = [c?ki’?f} + icgfc&’ql’]] (f*+Sefip) = [ qk{” Y —iclk

—(clgl +iclel”) (fl +Seefiee —

- k,-S
0 _
(I)((z) = pi, <_/1hglL + —LM L gir
ki-Sir 5% =
+ M Girr — e 91TT — k(g + SiLors)

— MSra9r = MS11a091r — Skratrr — Ak a9t

ki@akip = sk
+ # Shat = Sir9tr — ﬁg%r (3.13)

For <I>,(,},> and <i>,(,1a) we have

CI);JL) =pi, {h;;(fdl +Seufar) = MSTpde

+MSrpfarr + S];'TpdeT - ﬁhiﬂpij

kugpkip s
— (S’;fﬂ Strfdur + = F b ) |
(3.14)
<1 T
q)/(la) = lerna |:kl/)(gj_ + SLLgﬁI_LL) + MST/)ng
+ MSLTpgdLT =+ S’%TpngT + Ahklpg[J[L
kikip ~ s
- /T> S/;ng - SngdLLT - ﬁngT )
(3.15)

where S¥ =Stk ky,, Sir=S%k,, and 3p=
& sk Subscript d denotes that the TMD PDFs are
1u¥TT

defined via the quark-gluon-quark correlator.
The leading twist and twist-3 hadronic tensors are
respectively given by [19,20],

ki -Sr ., ki-Spgp,, o S%
M IT+ M 1LT+W 17T
ki -S;r Sk,
ir T+ M gllLT e ngT (3.16)

Lo anst - [e18a — ictsta|mp

+ [C?S{ g} + ngS%Tq }MfLT + [ 18 {”‘]D} +lchTTq }fTT
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ki, -S K ol kST -
_ C1<¢M Tk{M v} 2LS{TMQD}>+IC,§( J_MTkE/_lq] 2;[5[;1 )]fr
ki -S K3 _ caflkl ST K3
- le( lMLT {” y} 2L Si”r‘l”) +lc§1< lML_TkJ[/qu] __l LTq >:|fLT
STty _ KL gk y 3k
_ ( Tk{ﬂ }_ 2;1 S{ll })+lC<TTk[I4 ]_2M2 T[/; fTT
— |tk g — etk a5 + Sughy) - [tka + icRYa | angt — |15l + ictSt g | Mgy
lu = b =y
- chiﬂTq b - lch%Tq ]]MQLT [ gST{T”‘l b - quST[}qu ]}gTT
ki -S K2 ki St~ k
o) e -y
k. -8 gk S _ v
{C ( — kg - i"rq >+w’f<%kkq] 2M5%rq]>}gir
k-8 o kL
{c ( S - S’}{T”q”}> +zc1< o TTkV‘ 4 - 2M2 TUT'q”]ﬂg%T, (3.17)
where g* = ¢ +2xp#. From the equalities, ¢q-g = b (p* 0.8
gk, =0and ¢-Sy=q S, =q-Sk /M =0, we see pt=(p*.0,0,),
clearly that the full twist-3 hadronic tensor satisfies current o -y 0> oVI-y 0
conservation law, g, W3 = ¢, W' = 0. “\ Ty PoagptT 5y )
We emphasize that the hadronic tensor for the neutral 2
current and the charged current interactions is different. q" = (—xp*,w,O L>,
Since the correlators are QCD quantities and remain P
unchanged. Therefore the difference lies in the hart parts Kt =k = |k.|(0,0,cos ¢, sing). (4.1)

h,’s. To be more precise, the difference is the weak
couplings, c{,, ¢4. For charged current interaction process,
according to our definition, ¢{, = ¢ = 1. Therefore, we
can only calculate the hadronic tensor or the following
differential cross section for the neutral current interaction

and obtain the charged current one by setting ¢, = ¢ = 1.

IV. RESULTS OF THE NEUTRAL CURRENT
PROCESS

In expressing the cross section, we choose the VN
collinear frame, in which momenta related to this neutrino
SIDIS process take the following forms:

NC 2
davN 12 o aemAZ

dxdydyd®k', — yQ?

{Tg()’)(fl +Siofiee) —

= [Serlkim [sin((p - (PLT)T?()’M]LLT + cos(p —

- |STT|k2LM [sin(Z(p - Z(PTT)T?()’)Q#T —cos(2¢ — 2(pTT)Tg (y)ff'rr] }’

In this frame, the transverse momenta of the jet (k') and
that of the quark (k) inside the nucleon are the same. We
do not distinguish them in the following calculations. This
is also the precondition that we calculate the intrinsic
asymmetries in the following context.

A. The differential cross section

Similar to dealing with the hadronic tensor, we divide the
cross section into a leading twist part and a twist-3 part.
Substituting the leading twist hadronic tensor and the
leptonic tensor into Eq. (2.7) yields the leading twist cross
section. It is given by

T4V agne, + 51k L [sin( = 05) TE) f iy = cos(o = 95)T{ () |

(pLT)Tg ()’)ff'LT}

(4.2)

where subscript 2 denotes leading twist. Here we have defined &, = |k, |/M, and

T4(y) = cfA(y) + ciC(y),
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Ti(y) = c3A() + c{C(),

(4.4)

to simplify the expression. Here A(y) = y> =2y +2, C(y) = y(2 — y).
Substituting the twist-3 hadronic tensor and the leptonic tensor into Eq. (2.7) yields the twist-3 cross section. It is

given by
dallz\ll\?lf% o agmAZ
dxdydyd’k',  —yQ?

ZXKM{/lhkLM [sin @Ti(y)f1 — cos T} (y)gi] + kpcos @T4(y)(f* + SeofiL)

2

. . , K
+ ki singT4(y) (g + Sprgis) + ISt {Sm @sT4(y)fr — cos psT4(y)gr + sin(2p — ¢3) T4 (y) %f%

K
—cos(2¢ - cos)Té’(y) LY L} +1S¢7] [sm §0LTT (y)grr + cos §0LTT§I ) fLr

2
2

. k
T sin(29 = ) T4) U b 1 cos(2 — pup)TA(y) Kt fLT]

2

) . k
+|Srr| |sin(e — 2(/7TT)T§I (V)k Lpmgrr — cos(p — 2(0TT)TZ(y)kLMfTT —sin(3¢ — Z(PTT)T;] (v) %QTT

k3
—cos(3p — 2¢77)T3(y) JéMfJT_T:| }

where subscript 3 denotes twist-3. The twist suppression
factor is defined as ky;, = M/Q. We have also defined

T4(y) = ¢{B(y) + ¢iD(y). (4.6)

T4(y)

where B(y) =2(2—-y)V1 —y,D(y) = 2y/1 —y.

Equations (4.2) and (4.5) give the differential cross
section of the neutral current neutrino nucleus scattering.
To obtain the cross section corresponding to the antineu-
trino nucleus scattering, we only need to replace 7§ ; , 5()
by ¢, ,5(y) which are defined as '

= c§B(y) + ¢{D(y). (4.7)

15(y) = cfA(y) = c§C(y), (4.8)
11(y) = c3A(y) = ¢{C(y), (4.9)
15(y) = ¢{B(y) = ¢3D(y). (4.10)
HA(y) = AB(y) — ¢{D(y). (4.11)

B. The azimuthal asymmetries

One of the important measurable quantities in the high
energy nucleon reaction is the azimuthal asymmetry.
Azimuthal asymmetries can be measured to extract TMD
PDFs and further to study the three dimensional imaging of
the nucleon. In this subsection, we calculate the azimuthal

3
L

(4.5)

asymmetries induced by the final jet. We first introduce the
definition

_ | d& cos pdg
[dsde

for the unpolarized and the longitudinally polarized target
case, and

(cos )y y (4.12)

fdocos @ — @g)dopdeg
[ dedpdpg ’

(cos(¢ — os))ur (4.13)

for the transversely polarized target case. dé is used to
denote W, and dpg =~ dy when the direction is
chosen to be the direction of S in case of a transversely
polarized target in which integration corresponds to take
the average over the out going electron’s azimuthal angle
[26,30]. The subscripts such as U, T denote the polar-
izations of the lepton beam and the target, respectively.
At the leading twist, there are 6 transversely polarized
dependent azimuthal asymmetries which are given by

sin(o — Tg()’) 1LT
(sin(¢ ¢S)>U,T M72T(q) 0)f ) (4.14)
(050 = 99l = ki g O, (415

. Tq (y)glLT
(sin(p — €0LT)>U.LT kMg 2Tq( Vi (4.16)

093007-6



SEMI-INCLUSIVE DEEPLY INELASTIC NEUTRINO AND ...

PHYS. REV. D 107, 093007 (2023)

Tq()’) ILT

(cos(@ = @rr))uir = —kimAmgr~ o 2Tq( Vi (4.17)
. T{(»)girr

(sin(2¢ — §0TT)>U,TT kiM 2T0( )lfl (4.18)

(€052 = pruar = Koy DI (4 19)

k .
M 2Tg ) f1

In addition to the TMD PDFs, azimuthal asymmetries also
depends on 7 functions shown in Eqs. (4.3) and (4.4). This
implies that TMD PDFs and weak couplings can be
determined simultaneously by global fit.

Higher twist effects often lead to azimuthal asymmetries
which are different from the leading twist ones. In the jet
production SIDIS process, we obtain 18 azimuthal asym-
metries at twist-3, which are given by

(s = sk 3. EEY

(sin )y = —xkyrk Ly ?58 ii’i (4.21)

(cos @)y = —xkpk Ly L)f ;gzy’;’}fg Oloe (49
(sin @)y, — —xkyrk Ly 20 )g;ggy’;’}fg(y LIPS
(08 )y 11 = —Knrk1ae 3 (y)(;g(:) ]‘CS']LLfi_L) C 424)
R ——— T?(y)(ng(;r) JflLLgiL) @2s)
(ostshur =g o, (426)

(sings)yr = —xKy % (4.27)

(cos(29 — 95))y 7 = XKk, 2TTq( ) ))g}l (4.28)
($in(2¢ = 95))y 7 = —xKku ke ZTq( . ){z . (429)
(eosgur)uur = v AL, (4.30)

(0 ur)uar = v T a3
(5(20 = pur)usr =~k eI (432
(020 = i)} = =kl 32 (439
(00 = 2prr s = ko AL, (434
(sin(p — 2prr))ugr = xkaLM% (435)
(00830 = 3grr)) e = Sk oI (4.36)
(030 = 2010} = Sk gL (437)

These azimuthal asymmetries can be measured to extract
the corresponding distribution functions.

C. The intrinsic asymmetries

As mentioned in the Introduction that the final jet in
SIDIS can be a direct probe of analyzing properties of the
quark transverse momentum in the VN collinear frame
because the transverse momentum of jet is equal to that of
the quark. In this part we calculate the intrinsic asymmetry
which was first introduced in Ref. [27] to explore the
transverse momentum distribution of the quark in a
nucleon.

In the VN collinear frame, the z direction is defined by
the momentum of the nucleon, the transverse momentum of
the incident quark (jet) is therefore in the x-y plane. It can
be decomposed as follows

kY =k, cosg, (4.38)

kK, =k, sing. (4.39)
Considering Eq. (4.38), it is possible to explore the
difference of the momentum in the x direction, i.e.,
k% (+x) — k% (—x), see Fig. 2. We assume that this differ-
ence would be induced by the intrinsic transverse momen-
tum of the quark or the radiation of the gluon in the
nucleon. In order to explore this difference, we here
introduce the definition of the intrinsic asymmetry:
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ky

FIG. 2. The quark (jet) transverse momentum in the x-y plane.
The difference of the red hemisphere and the blue one gives the
imbalance of the transverse momentum distribution.

7, dqoda 12 dyds
2703 déy ydg

AX

(4.40)

Here dé is used to denote W' Subscript U, U

denotes the unpolarized cross section. From Eq. (4.39),
we can define the asymmetry in the y direction in the
similar way but with different integral intervals:

[Ededs — [° deds

A =
™ déy yde

(4.41)

According to the definition in Eq. (4.40) and (4.41), we
calculate these asymmetries which can be written as in the
following forms:

4 kiy T -
Agc.x _ _TXKmKim %]()’)f ’ (4.42)
0 To(y)f
, Axxyrk |0 TA(y) g+
AZCJ _ _TXKmKim Z()’)g ’ (4.43)
m  ToWh
A][YC,X _ 4xKMkJ_M T%(y)gi_ , (444)
T To(y)f1

L 1 1 1 1 1
0.1 02 03 04 05 06 07 08 09 1
y

FIG. 3.

the dashed lines show the asymmetry at Q = 10 GeV. Here A2

, Axicyrk |3 T(y) fF
Aszc.y _ _TXKmKim %](y)fL 7 (4'45)
n To(y)f1
Axicyrk |0 T2(9) f
AZLVf’X __Axkykim zq(Y)fLL’ (4.46)
n To(y)f1
4 k
AszLc,y _ xXkyk i T ()’)QLL (4_ 47)
n To()’)f 1

where superscript NC denotes the neutral current.

It is interesting to show all the numerical results of these
asymmetries given above. However, not all of them have
proper parameterizations. Model calculation made some
attempts but there were large uncertainties [31-34]. We
therefore limit ourselves by only presenting the numerical
values of AZC”‘ in Fig. 3 and Fig. 4. We take the Gaussian
ansatz for the TMD PDFs, i.e.,

1 =
= mfl (X)e_kl/Az, (4.48)

Jilxky)
where f(x) are taken from CT14 [35] and the faction is
taken as x = 0.3 for illustration. In order to determine
f+(x,k.), we have used the Wandzura-Wilczek approxi-
mation (neglecting quark-gluon-quark correlation function,
g =0) [24,26]. It is given by

FHk) = = 0B (4.49)
mA“x

In the numerical estimate, only the up and down quarks are
taken into account. The widths of the unpolarized distri-
bution function f(x,k,) are taken as A2 =A" =
0.53 GeV? [36-40]. In Fig. 3, the width of the distribution
function f*(x, k| ) for up quark is fixed as A2 = 0.5 GeV>.
In Fig. 4, the width of the distribution function f*(x, k)
for down quark is fixed as A2 = 0.5 GeV?. We find that the
intrinsic asymmetry AZC‘X decreases with respect to the
energy and it is more sensitive to A2 than A2.

- o 1 1 | 1 3
0.1 02 03 04 05 06 07 08 09 1
k.

The intrinsic asymmetry Aﬁc‘x with respect to y (left) and &k, (right). The solid lines show the asymmetry at O = 5 GeV while
= A2 =0.53 and A2 = 0.5 GeV?, A runs from 0.2 to 0.5 GeV~.
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ANC,X

—— A=02,0=5GeV.
0GeV

E TN T | ;
0.1 02 03 04 05 06 07 08 O. 1
y

1 1 1 .
04 05 06 07 08 09 1
kp

FIG. 4. The intrinsic asymmetry Azc,x with respect to y (left) and k| (right). The solid lines show the asymmetry at Q = 5 GeV while
the dashed lines show the asymmetry at Q = 10 GeV. Here A’2 = A2 = 0.53 and A2 = 0.5 GeV?2, A2 runs from 0.2 to 0.5 GeV>.

V. RESULTS OF THE CHARGED CURRENT A. The differential cross section

PROCESS As before, we divide the differential cross section into a
In this section we present the differential cross section,  leading twist part and a twist-3 part. Without showing the
azimuthal asymmetries and intrinsic asymmetries in the  tedious calculation process, we just give the final result.
charged current (anti)neutrino nucleus scattering process. The leading twist differential cross section is given by
|

dGSI\?tZ o agmAW
dxdydyd®k, — 2yQ?

To(Y){(ﬂ +Seefie) = g + [Srlk iy [Sin(f/’ - (/’s)ffr —cos(p — 403)9%4

= |Serlkim [Sin((ﬂ - (pLT)gf_LT + cos(¢ — (PLT)ffLT} - |STT|k3_M [Sin@(/’ - 2¢TT)91LTT
~ c0s(2¢ = 2077 f 1] }- (5.1)

where To(y) = A(y) + C(y). We note that the charged current neutrino nucleus scattering would select the negative
charged quark flavors (d, s, - - -) and the CKM matrix element should be inserted in the Eq. (5.1). The twist-3 differential
cross section is given by

cC 2
dguN 13 aemA w

Drdydy ¥, ~  2yg2 ZuT20 ){’lhkw [sin@ff = cosggt | +kiucosp(f- + Spuft)

. 3 1 k2
+kysing(gt + Sigt) + ISy |:s1n(pSfT — cos psgr + sin(2¢ — @g) éMf%

k2 ) ) k2
— cos(2¢ — ¢s) %gﬂ +|S.7] [sm @rrgir +cos@rfir +sin(2p — op7) %gﬁ

K .
+cos(2¢ — @r1) %fﬁ} +|Srr [sm(qo = 2077)k L mgrr — cos(@ = 2¢rr)k i frr

i K3 K
- sin(3p = 20rr) S gty cos(o = 20m) 2 1|} (52)
where T,(y) = B(y) + D(y). Equations (5.1) and (5.2) to(y) =A®D) = C(y), (5.3)
give the differential cross section of the charged current
neutrino nucleus scattering. t(y) = B(y) = D(»). (5.4)

To obtain the corresponding antineutrino nucleus scat-

tering, we only need to replace T, (y) by 79, (y) whichare ~ We also note here the antineutrino nucleus scattering
defined as selects the positive charged quarks (u,c,---) and the
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corresponding CKM matrix element should be inserted in
the expression which is neglected here for simplicity.

B. The azimuthal asymmetries

With the same method given in the previous section, we
here show the azimuthal asymmetries in the charged current
process. For the leading twist asymmetries, we have

(sintp = o5l = ki il (53)
(coslo =5l = ki ghdDE, (s)
(i = pur)ssr = o ST (57
(ooso = pur)usr = ko SeIEE (5
(020 = gro))ur = K e AT (59
(c0s20 = pro))sr = K eI (.10
For the twist-3 asymmetries, we have

feosa = sk 2L (s
B p— %, (5.12)
(08 @)y, = —¥kukiu Tz(y)f;ozy/;;}fz(y)gi’ (5.13)
(SN @)y 4 = —xKurk Ly L9+ W01 (5.14)

’ To(y)f1
ot = -mabun OS] (s
(5in @y.1s — —xkurku T (y)(g:(;r) JflLLgiL) . (5.16)
(oS @s) 1 = XKy ;zg ;jgff : (5.17)
(sin @)y 7 = —xKy ;o((i ;J; T : (5.18)

(00320 = 95l = 3kl 3 (519
R T E Tty SECEY

(003 s = = ZONEE(521)

(ingrr)uar = -y T (522)
(00520 = i)l =~k oL (5.2)
(020 = 1)) . =~k DI (524
(0039 = 2pr1))urr = Wk AT (525)
(sin = 2r7)) .17 = ki T (526)
(00530 = 30y = ook Sl (527
(030~ 211y = weukly T (5.28)

We have in total 6 leading twist and 18 twist-3 azimuthal
asymmetries and they have a one-to-one correspondence
with that in the neutral current scattering process. All of
them can be measured to extract the distribution functions.

C. The intrinsic asymmetries

The intrinsic asymmetries in the charged current neutrino
nucleus scattering process can also be obtained by using the
definition given in Egs. (4.40) and (4.41). The explicit
results are given by

Axxcprk g Tr(y)f
ACCx _ _ MK1Mm L2 , 599
v T To(y)f1 (5.29)
, dxpk oy Tr(v) gt
ACCY _ _ MK1Mm L2 ’ 530
v T To()’)fl ( )
Axyk 3y T -
Agc,x _ TXKuRim 2()’)9L ’ (5_31)
a T0<y>f1
ACC,y — _4'xKMkJ_M T2(y)fi_ (5 32)
L T To(y)f1 ,
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CCx
AU

_ T T TOI PO T PRI I e L
0.35 0.1 02 03 04 05 06 07 08 09 1

y

FIG. 5.

i 0.5, 0=10GeV | | | | |
01 02 03 04 05 06 07 08 09 |1
kp

The intrinsic asymmetry Af,c’x with respect to y (left) and k| (right). The solid lines show the asymmetry at Q = 5 GeV while

the dashed lines show the asymmetry at Q = 10 GeV. Here A2 = 0.53 GeV? and A2 runs from 0.2 to 0.5 GeV>.

_Axkyk iy T )f 1L

ASEr = , 5.33
i x T (3-33)

, dxyk 3 T>(¥) 91
ACC,_\ — _ MRrIM L2 LL , 534
Le T To()’)fl ( )

where superscript CC denotes the charged current.

Using the same parametrizations given in the previous
section in Eqs. (4.48) and (4.49), we present the numerical
values of ALC,C’X in Fig. 5. Since only the down quark is
taken into account, the CKM matrix element U,; is
approximated as 1. From Fig. 5, we find that intrinsic
asymmetries A5 and ANS have the same behaviors and
the same orders of magnitude. Furthermore, they both
decrease with respect to the energy.

D. The plus and minus cross section

The neutrino and antineutrino nucleus scattering would
select different flavors. Then it is helpful to define the plus
and minus cross sections. For simplicity, we consider the
K, -integrated cross section, i.e., the inclusive cross section.

O'ifl: _ ddin(y) dUin(y) , (535)
dxdydy — dxdydy
doy, (U do;

dO'M_ Uln(y) _ Gm(l/) (536)

n " dxdydy  dxdydy’

where subscript in denotes inclusive, P, M denote the plus
and minus cross sections calculated by Egs. (5.35) and
(5.36), respectively. The explicit expressions of the plus
and minus cross sections are

(5.37)

dof, = “zjgw (0070 + o2 )) + S1e (100810 (6) + T () = 24 (100)g8h () + To)ahy () |
= 254 {1871 [sin s (2 () (3) + T2 (0)2(¥) ) = cos s ((3)g (x) + Ta(1) () )|
+ 1Serl[singur (098 (x) + T2(0)92r (1)) + cospur (120 1Er(x) + 20027 ()] } 1

dolt = “ngw {{(00)r9 @) = To0) 2 (6)) + St (100) 1 () = To0) B0 () = (103, (6) = To(w)g, () )|

- zxxM{|sT| [sin (Y (x) = T2(0)f2(2)) = cos s (109 (x) = T2 ()92 () )|

+ [SLr] [Sin PLT (tz()’)ggT(x) - TZ(y)gLDT<x>> +cosgLr (tz(Y)ng<x) - T2<y)flL)T(x)):| }}

The superscripts D, U denote the d-type (d,s,---) and
u-type (u, c, - - -) quarks. The CKM matrix elements are not
shown in these expressions.

Assuming the target is longitudinally polarized, we
would introduce the spin asymmetry as

(5.38)

dot™ (+6) — do"/™ (o)

A — in,c in,c

* dotM(46) + dotM(-6)’

ino in,c

(5.39)

where the subscript ¢ denotes the target polarization.
Therefore, we have
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A — _1oWgiL(x) + To(y)ar, (x)

WO+ TP 40
w_ to(0)gir (%) = To(y)gis (x)
AL = O =T O
1) (x) + To(3) Py ()
= A+ TP 4
M to(9)f1e (%) = To(¥).f T (%) (5.43)

o) fY (x) = To(y) P (x)

Since we have calculated the differential cross sections
for both the neutral current and charged current inter-
actions, we can define the Paschos-Wolfenstein ratio [41]
for the semi-inclusive scattering process:

NC NC
_ do)y — doy

=N~ TN 5.44
T o

where subscript d denotes the differential cross section. It
was first measured by the NuTeV collaboration [42]. By
using the results obtained in the previous section, we have

245 TIOAR) 01 ()
C Ay To) P (x) = to() Y (x)”

At low energy limit, R} in Eq. (5.45) can be approximated
as

(5.45)

(5.46)

With further approximation, f% = f¢, we obtain the final

result:

1
R; = E - Sin2 9W =R". (547)
Thus, Eq. (5.45) provides an additional method for meas-
uring the weak mixing angle.

VI. SUMMARY

In this paper, we calculate the (anti)neutrino induced jet
production SIDIS process. Neutrino nucleus scattering
processes are important channels in studying nucleon
and nucleus structures. They can provide information on
the flavor separation which cannot be realized in the
charged lepton (SI)DIS experiments alone. Our calcula-
tions are complete at leading order twist-3 level, whose
results are helpful for other topics rely heavily on accurate
measurements of the different neutrino scattering proc-
esses. Basically, we only show the explicit calculation of
the neutral current neutrino scattering process. The results

for the neutral current antineutrino scattering, the charged
current neutrino scattering and the charged current anti-
neutrino scattering can be obtained by replacing the
corresponding coefficients. To obtain the results of the
antineutrino nucleus scattering for the neutral current
reaction, we only need to replace T, ,5(y) by 1§, ,5(»)-
For the charged current reaction, we only need to replace
To(y) by ty(y) to obtain the results of the antineutrino
nucleus scattering. Since higher twist effects are significant
for semi-inclusive reaction processes and TMD observ-
ables, e.g., twist-3 TMD PDFs often lead to azimuthal
asymmetries which are different from the leading twist
ones. We therefore present the complete results of the
azimuthal asymmetries up to twist-3 for the neutrino
induced jet production SIDIS. 6 of them are leading twist
and 18 of them are twist-3. Considering the equivalence of
the transverse momenta of the quark inside the nucleon and
the final jet, we calculate the intrinsic asymmetries to
explore the imbalance of the transverse momentum dis-
tribution of the quark. We find that the intrinsic asymmetry
decreases with respect to the energy and it is more sensitive
to Aj than A2 For the charged current (anti)neutrino
nucleus scattering process, we further define the plus
and minus cross sections to study TMD PDFs.

Previous neutrino heavy nuclear targets inelastic scatter-
ing experiments provided fruitful results in determining the
weak parameters and parton distributions [42—45]. But a lot
of experimental issues need to be settled. For a recent
review, see Ref. [46]. The difficulty of measuring these
asymmetries presented in this paper is twofold. One is that
the cross sections of the neutrino reactions are too small.
The other is that jets in the reaction are hard to be
determined. For the NC SIDIS, the neutrino and the jet
are determined simultaneously. For the CC SIDIS, the
charged lepton and jet are determined simultaneously.
Overall, the measurement of neutrino experiments requires
a high statistics. In general, inelastic scattering process is
much better understood at high energy rather than relative
lower energy. As for the human-made neutrino experi-
ments, the MINERvA experiment at Fermilab [47] requires
medium to high energy (anti)neutrino beams. While the
FASER (Forward Search Experiment) program [48,49] and
the Forward Physics Facilities (FPFs) [50,51] at the large
hadron collider (LHC) can potentially be used to measure
asymmetries due to the high energy of the neutrino beam.
FASER program which was proposed to search for new
physics has the capability to measure neutrinos at far-
forward region downstream from the interaction point. It
has reported the first neutrino interaction candidates at the
LHC [52]. The FPF is approximately 500—600m away from
the interaction point and can measure both the CC and NC
(SDDIS processes. For the Forward Liquid Argon
Experiment, estimates show that the neutrino fluxes can
reach 10'3 through a 1 x 1 m? cross-sectional area in the
range of 10-1000 GeV [50]. FPF is also possible to extend
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the coverage of existing DIS measurements on nuclear
targets. Since neutrino induced DIS experiment is an
important part of the FPF experiment. These asymmetries
presented in this paper can be measured as long as jets can
be determined in addition to the‘ scattered leptons.
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