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Semi-Inclusive CC Neutrino Reactions

Using standard nuclear physics notation such reactions would be denoted
X(ve. ("x) and X (7. (Tx), where ( = e, u. or 7. Here z can be any kinemat-
ically allowed particle. for instance, 7. a nucleon N = p or n. a deuteron d or
triton t. 3He. . fission fragment. 7. K. and so on. The target X may be a nu-
cleus or the proton itself. All of these possibilities are contained in the formalism
to follow which 1s drawn from O. Moreno, T. W. Donnelly, J. W, Van Orden
and W. P. Ford. Phys. Rev. D90 (2014) 013014. One should be clear that this
notation indicates what is presumed to be detected. not what is actually in the
final state. For example, 1f & = p. this means that for sure one proton is in the
final state: however. depending on the kinematics chosen for the reaction. there
may be many open channels. a proton and a daughter nucleus in some discrete
state. two protons and a different nucleus in some discrete state, a proton and a
neutron and vet another nucleus in some discrete state. etc. The semi-inclusive
cross section is then the sum/integral over all unobserved particles, excepting
only the one that is presumed to be detected. in this example a proton. At a
level lower. one has the inclusive cross section where all particles for all open
channels are to be summed/integrated, as discussed above,
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In the rest of the paper, to make things more specific and to explore the
case of most present interest in the quasielastic regime (CCQE). we focus on
the specific case of a nuclear target where a nucleon 1s the particle that 1s pre-
sumed to be detected (z = N). Nevertheless it should be clear that simply by
changing the names of the particles involved all of the developments can imme-
diately be used in any other semi-inclusive study. Accordingly we now consider
reactions of the type 4X (ve. (Tp)* 2Y. 24X (Pe. ()7 1Y, X (ve. {_??._]E_T_}}"
and gX(f?'g. {er};:;}". These are to be viewed in context with semi-inclusive
electron scattering reactions 32X (e.e’'p)7 1Y and 2X(e.e'n)” ;Y. In the ini-
tial state one has some nucleus X' in its ground state with mass number A and
charge Z. while in the final state one has a nuclear system Y with mass number
A — 1 and the charges indicated above. The latter daughter nucleus 1s not pre-
sumed to be in its ground state in general (although this is one possibility when
the system is stable to nucleon emission) and may be in some discrete excited
state (if any exist). may be a granddaughter nucleus plus two nucleons. and so
on. All open channels are to be considered and we only require that the mass
number and charge be as indicated. together with the kinematical information
to be discussed in the following section.
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Note also that of the four neutrino and antineutrino reactions given above.
the first two are in some sense "natural” in that the reactions in the CCQE
regime are at least dominated by the basic reactions on nucleons in the target
nucleus, namely, v¢ +n — (T +p and g + p — (T + n, respectively. However.
the third and fourth reactions can occur in nuclei. On the one hand,. the final
states involved are complex interacting many-body states. involving in general
coupled channels whenever kinematically allowed. There may be several nucle-
ons 1n the final state and it i1s possible that one with the “wrong™ flavor is the
one detected.
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Note also that of the four neutrino and antineutrino reactions given above.
the first two are in some sense "natural” in that the reactions in the CCQE
regime are at least dominated by the basic reactions on nucleons in the target
nucleus, namely, v¢ +n — (T +p and g + p — (T + n, respectively. However.
the third and fourth reactions can occur in nuclei. On the one hand,. the final
states involved are complex interacting many-body states. involving in general
coupled channels whenever kinematically allowed. There may be several nucle-
ons 1n the final state and it i1s possible that one with the “wrong™ flavor is the
one detected.

In fact, for some situations there may be no bound state of the

final nucleus reached and one for sure has nucleons of both flavors in the final
state. On the other hand, while one certainly has one-body electroweak current
operators (those that act on a single nucleon). it is also clear that two-body
meson exchange currents (MEC) are also present. For instance. an important
contribution to MEC at quasielastic kinematics are diagrams where two nucle-
ons interact with an exchanged W=, going through a virtual A which in turn
exchanges a pion between the two nucleons. leaving two nucleons in the final
state. Take for example the third reaction above: if the two initial nucleons are
an nn pair in the nuclear ground state. one can absorb the exchanged 11T, go
through a AT, exchange a 71, and have an np pair in the final state where the
neutron is the particle detected in the third reaction (and the proton may be

the one detected in the first reaction).
TWD - 3



In the developments presented below the formalism is general enough to
allow for MEC, no assumption is required about which specific reaction is being
considered and only when applyving these ideas with particular modeling are
the details required. All of the developments are kept relativistic, i.e.. no non-
relativistic approximations are made. with one exception which will be discussed
later in this paper. All of the formalism may then be used regardless of the
energy scale, whether at relatively low energies or. what 1s more typical, at high

energies.
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The cross section takes on its characteristic form involving the contraction
of two second-rank Lorentz tensors. do ~ 7,, 1", corresponding to the lep-
tonic and the hadronic contributions which are thus factorized and dealt with
independently, The leptonic tensor is defined as

— ), ! LE
Ny = 2N E Jpdvs
e f

Its hadronic counterpart is

W =3 "J8 (@)% (a).
if

where the operations zﬂ';‘ in the two cases correspond to sums and averages
over the appropriate sets of leptonic quantum numbers (the helicities, in fact)
or hadron quantum numbers (helicities or spins. efc.) and integration over all
unohserved particles in the final state of the A — 1 system for hadrons.
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[t proves usetul to decompose both leptonic and hadronic tensors into pieces
which are symmetric (s) or antisymmetric (@) under index interchange u < v,
since In contracting them no symmetric-antisymmetric cross-terms are allowed.
Both tensors can thus be decomposed as 7,,, = 03, + 713, and WH*" = WK +
WY, where the terms are defined as

& — 1 firl _ 1z
T?pw _ E(Fhu; i ??UPL} }?,u,!f _ EHFHU . ”U.Uf}
Wev = L(WH  WhH) Wev = 2(WEY — oK),

1 S ek C e E-] P
Clearly one has thal.t N = M . s +
summation over u implied in these expressions). In addition. since each tensor
1s proportional to the bilinear combinations of the electroweak currents in the
forms n,, ~ 7,7, and WH” ~ JE*J”, one has that n},, = n,,, and W™ = W¥H,
and thus that

and WHE = TWHE whereas 77, = Wi =0 (no

Mo = Ren - Mow = ﬂm-:r;rw
Wk — ReW# W = ImWH,
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Following the standard conventions established for electron scattering (in-
cluding discussions of polarization degrees of freedom: see T. W, Donnelly and
A. S. Raskin, Ann. Phys. 169 (1986) 247 and A. S. Raskin and T. W. Don-
nelly, Ann. Phys. 191 (1989) 78). let us begin by defining the following (real)

symmetric (no prime) and antisymmetric (prime) hadronic response functions:
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A. S. Raskin., Ann. Phys. 169 (1986) 247 and A. S. Raskin and T. W. Don-
nelly. Ann. Phys. 191 (1989) 78). let us begin by defining the following (real)
symmetric (no prime) and antisymmetric (prime) hadronic response functions:

1CC = Rel}700 T = _—2Imi12
J17CL = 9Rel1 703 T = _92,/2Im2
1L = Rell™33 WTL = _2,/2ImI1732
WT =Rell™22 + Relt ! WEL = 1703
WTT = Rell22 — Re1’ 1! WIC = Ex/ﬁlmﬂ'm
WTC = 2,/2Rel1 WIL = 2,/ 2ImW3

WTL = 2,/9Rel1 31
1L = 2Rel1 12
LS = 2,/2Rel1702
WLL = 2,/2Rel1™32

Here C refers to charge (the x = 0) projection. L refers to longitudinal
(momentum transter direction, u = 3) projection and T refers to transverse
" :-1:-—. ) +-‘-'.‘ rl+ r-1 -‘.‘ c L:‘J ) # S ‘-1'. LS” F # .l

1 = 1.2) projections. Spherical tensor components can easily be deduced trom

these (see NIDVF).
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Equivalently to the hadronic case. the corresponding symmetric (no prime)
and antisymmetric (prime) leptonic quantities may bhe defined:

voVeo = Rengg volTr = 7151%-?}32
Uo E‘:?L = Regs Yo ﬁrr = Imny
ol = Renss volrer = T}Ehm;ﬂg
voVr = 3(Reny, + Renyy) voVrr = éhﬂ?}':ﬂ
voVTT %%{Re i 99 — Renyq) ?,E'l cr’ = —Imngs
volTe = T}Eﬁenm vol e = _T}E]m”m
vo Vo = %Renm volrL = —%Imnm

voVTT = Reny,
1 — .
voVre = ER'@??{]E

T — _1
volTL = ERE%Q

where the overall factor vg 1s defined as

—_ 2 2
Up = {::.—i—.: } —q .
The results found here are completely general: they are simply a convenient
rewriting ot the original components of the leptonic and hadronic tensors where
the projections along the momentum transfer direction (L) and transverse to it
provide the organizing principle.



Leptonic lTensor

The general leptonic tensor involving neutrinos and negatively charged lep-
tons may be written in the following way — later 1t i1s straightforward to extend
the results to include antineutrinos and positively charged leptons. and in fact
to neutral current neutrino scattering or to any V-A electroweak leptonic tensor:

"'?,u,u(KrrK) — mmrzﬂ(fﬁg)(av?p+H'AT#'}’5)“(K:S!)

5.8

xu(K' 8" ) (avy, +aay,vs)ulK. s)

which includes sum over final spin states and average over initial spin states.
In the standard model the charged-current vector and axial coupling constants
take the values ayv = 1 and a4 = —1. which yields the usual form of the vertex
Yu t (1 =75). Upon eliminating the spinors using traces one finds:

1
ngv(K,? K) 1 {T}[QVT# + H'ATP,‘TS] (K”) [avﬁj’:v + E'ATMP]’:E](!K_F m)}

1

1 { ay Tr [, (K") 5, (K+m)] gy + aaTr [7,75(K")7, 5 (K +m)] o,

lavaa (Tr [’;r-'H(K")’}’p’Tﬁ(K‘F m)} @ Ir [’7’"#7’5(K”)’?’V(K+ m)] (4})} '




As above we introduce the following definitions (note: there are some slight
differences in the notation used here and in the discussions of inclusive scatter-

ing):

In terms of the angle 8 the quantities Q2 and vy can be written as

Q? = —4e2' sin? g/ 2

vo = 422" cos® 6/2.




Upon performing the traces (see MDVF for details) one finds

Too = 3{(@+a) - [ad (0= 0)"+ & @+ 0)7] can?j2)

VoL —% (a} +a%) |v — L (52 — 5'2) tan? 5/2}

!

o= 3 { (@ + ) |17 = 5 (20 = o0 (7 = 67)) (02 = 67) tan? ’5/2}

+|ab (5-9)" +ad (6+)] tan?F/2}

i}T % (a%, -+ ai) {

%p + tan2§/2:|

+ (% (52 — (5’2) — %p ((52 — (5’2)2) tan2§/2}
- (a%, — ai) 96’ tan? ’5/2

1 1
5 (a% + ai) {—5

- [(5? +8?) — 2 (82— 8?) + % p (62— 5’2)2] tan’ @‘/2}
P

_% (a%, + ai) %tan’é‘/Q

x 11 (52+5’2)_£(52—5'2)+1 (52—5'2)2 tanQ@‘/Q v
2 p e 2’

i (V— ,OP! (52 o 5!2)) f}TO
GVGA% (1 +vp ((52 — 5’2)) tan? ’5/2

17710: —ayaa tan’:‘;/Q

x 1.1 (52_;_(5’2) _1(52—5'2)—{-1 ((52—5'2)2 tan?6/2 v
3 7 2

Vror = —vipe

Vrr = Ve =VrL =Vre = Vor = Ver =0
Within these 16 factors. 10 of them are symmetric and 6 are antisymmetric.
Under the conditions in this work 6 of them wvanish. namely the ones with

underlined subscript.




These reduce to the following expressions in the extreme relativistic limit

(ERL). defined as Ve 225,

ERL

1

2

(a3 + %) v for the symmetric ones (no prime)

and as Vg — ayay @ v for the antisymmetric ones (prime):

(Wele
UL
ULL

T

vTT

vTc

vTL

v

U

UL

1

—

1»"2

1
§p+ tan” /2

1

V2p'

— U

t-ané?/Q\/p+ tan® /2

tand/2

1
———=tand/2

V2

— LU

Finally, one can easily complete the leptonic developments by going to the

start and replacing the w-spinor by wv-spinors so that the leptonic tensor for
anti-particles can be obtained. The final result is that upon contracting the
leptonic and hadronic tensors the VV and AA terms are as above. while the VA

interference changes sign.




Begin by assuming that QE scattering is dominated by (e,e’'N):
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Begin by assuming that QE scattering is dominated by (e,e N):

. or by (v,uN)
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The daughter nucleus has 4-momentum

Pay = (EA—l’pA—l) =Q" + Py - Py
In the lab. system we define the missing momentum
p=p|=lpy —a|=|pas

and an “excitation energy” (essentially missing energy — separation energy)

g(p)E\/(MA—l)Z + p2 _\/(M2—1)2+ p2

where

0 _ pnpO
M,,=M,—-m +E,

with E, the separation energy and M°, , the daughter rest mass
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Energy conservation gives

M,+w=E,+E,

:\/mN2+ p.°+E, +&
:\/mN2+(q+p)2 +\/(M2—1)2+ p*+&

which can be turned around to yield an expression for the
excitation energy:

= I\/I2+co—\/(l\/l,‘i_l)2+ D’ —\/mN2+q2+ p° +2pgcoséd
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One can let the angle between p and g vary over all values and
impose the constraints

p>0
E=>0

to find the allowed region in the missing-energy, missing-momentum
plane. When

_ N2 :
W < Woe =|Q /2mN one finds
g and o fixed
E
(y<0)
g
M
0 p
0 -y Y




. and when

2
W > O = ‘Q ‘/ZmN o e

g and o fixed
& (y>0)
S
®O—0
QE
0 P
0 +y Y
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&
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For given y<0
the region at

small p, but —
high € is -

inaccessible

N g and o fixed

RFG: 5-function
along this line and
zero elsewhere
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0 /
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/
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... and is very small at large p

and small €



Given g and o, and given the missing energy and momentum,
one has fixed the 3-momentum p,, and angle 6 of the outgoing
nucleon.



Given g and o, and given the missing energy and momentum,
one has fixed the 3-momentum p,, and angle 6 of the outgoing
nucleon.

And so, just because a specific model does well for inclusive
scattering (which involves integrals over the regions shown
above, summed over appropriate flavors of nucleons, and
corrected for double-counting), that model may fail badly for
semi-inclusive scattering: the strength in the missing
energy/momentum plane, and hence the final-state nucleon
kinematics, may be wrong. For example, the RFG is infinitely
bad almost everywhere.
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Given g and o, and given the missing energy and momentum,
one has fixed the 3-momentum p,, and angle 6 of the outgoing
nucleon.

And so, just because a specific model does well for inclusive
scattering (which involves integrals over the regions shown
above, summed over appropriate flavors of nucleons, and
corrected for double-counting), that model may fail badly for
semi-inclusive scattering: the strength in the missing
energy/momentum plane, and hence the final-state nucleon
kinematics, may be wrong. For example, the RFG is infinitely
bad almost everywhere.

This means that adding on final-state interactions to a model that
is only suited to inclusive scattering can incur significant errors; a
realistic one-particle spectral function should be used for modeling
semi-inclusive reactions. For reactions requiring the specification
of two or more particles one must go beyond the existing spectral
functions.

DNP 2013
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Semi-Inclusive Scattering of Leptons
from Hadronic Systems:
General Hadronic Tensor

To be specific here, let us consider reactions in which a lepton scatters from
a nucleus and a nucleon is presumed to be detected in the final state, that is, in
coincidence with the final-state lepton. Examples coulc be (e,e'p) or (. up)
reactions. Following the ideas discussed previously for inclusive scattering and
the discussions i O. Moreno. T. W. Donnelly, J. W. Van Orden and W. P.

Ford. Phys. Rev. D90 (2014) 013014 it is straightforward to construct the
general form of the hadronic tensor using the availlable four-momenta. One

has incoming momentum transfer Q* and the nuclear target momentum PY. as
before. In the final state one has the momentum of the detected nucleon P}
together with the residual nucleus’ momentum which can be eliminated using
four-momentum conservation: P§ | = QF + P — Py, Six invariants can be
constructed:

flEQE IQEQ'PA I;;EQ-PN
Iy =P4-Py ’ Is = P% = m%
of which the first four are dynamical variables. whereas the last two are fixed

by the target nucleus and nucleon masses. Accordingly all invariant structure
tunctions depend on the four dynamical invariants [;. 7 =1.....4.




Accordingly all invariant structure
tunctions depend on the four dynamical invariants [;. 71 =1 4. They can he

expressed as:

w2 — qg <0

MYw

wEN —qpn cosfy
MSEN

Next one can write symmetric and antisymmetric hadronic tensors as func-
tions of the three independent four-momenta Q. Pﬁ and P;:T. In fact, it proves
to be more convenient to introduce projected four-momenta to replace the last
two. namely,

1
170
My |

1
J.ﬂl‘IN i
where then Q- U = Q) - 1V" = 0. Also. to keep the dimensions consistent in the
developments below let us introduce a dimensionless four-momentum transfer

—~ ]
G = 2

V12T

U.“f

K




The symmetric hadronic tensor may then be written
WE = Xyg" + Xo0MQ" + XsUPUY + X4(QHUY + UHGY)

where X;. 7 = 1...7 are invariant functions of the invariants discussed ahove.
These seven types of terms arise from VV and AA contributions.




The symmetric hadronic tensor may then be written
WE = X1g" + XQQY + XsUFUY + Xu(QHUY + U*Q")
+XVAVY £ Xg(QHVY + VEQY) + X (UFVY £ VEUY),

where X;. 7 = 1...7 are invariant functions of the invariants discussed ahove.
These seven types of terms arise from VV and AA contributions.

Likewise the
antisymmetric tensor can be constructed from the basic four-momenta

wer = i@ - URQY) + Ya(FHVT - V) + Ya(URVY - VRUY)

—I—Zﬁ“mﬁéaUﬁ + ch-““mﬁéa"b + Zzetrelbr, 1"“;5'} _.

where again Y; and Z;. 71 = 1...3 are invariant functions of the invariants above.
The terms having no 24 namely the Y; terms (as well as the X; terms, as said
above), arise from VV and AA contributions, whereas those with =*" 28 namely
the Z; terms., come from VA interferences. Note that for inclusive scattering
where one does not have "# as a building block only terms of the X;. X5. X3.
Xy4. Y7 and Z; type can occur.




For a conserved vector current (CVC) situation such as here for the VV
terms or for purely polar-vector electron scattering the continuity equation in
momentum space requires that

Qu (WE) L = Qu (W) = 0.

This contraction removes the terms with X3, X;. Y3, Z4. leaving the conditions

1;112’1" v 14 ifEVVI_;v — {}‘

where no terms with =#**% can occur in a VV situation. i.e.. ZIVV = Z;V —

ZYV = 0. as noted above. Since the basic four-momenta are linearly indepen-
dent of each other the coefficients above must all be independently zero. namely

NV -XV =XV =XV =" =1 =0.




Accordingly, one has

. L, QrQY I
(W) vy X7 [9“ - %Q; ] + X3 Y URU
4+ Xg’ Vyryv 4 X?VV (UFVY + VEUY)
(W = Y3V (URVY —VHDY).

For instance. in semi-inclusive electron scattering the symmetric terms lead to
the standard L, T. T'L and TT responses, while the antisymmetric term which
hecomes accessible with polarized electron scattering vields the T'L' response.
the so-called 5th response (see T. W. Donnelly and A. S. Raskin, Ann. Phys.
169 (1986) 247 and A. S. Raskin and T. W. Donnelly, Ann. Phys. 191 (1989)
78). For the other cases. the AA and VA responses, there is no further sim-
plification in general.




The resulting number of contributions of each type is

summarized below for semi-inclusive scattering.

Jfl — 1{*1; v 4 Y AA 11 _ }_] AA
Xo=X 1-:) _ }-*AA
Xg =




The resulting number of contributions of each type is

summarized below for semi-inclusive scattering.

X1 ‘Y;' Vi ﬁviq“’i Y7 = }..-*IAA

Xp = XVV 4 XA Y, = YA

X5 = XYV + X4 Yy = YV 4 vAA
Xy = X34 Zy=Z)A

X5 = XYV 4 XA 7 — Zka

Xe = Xg4 Zs =734
X;=XVV 4 xa4

11 symmetric responses 7/ antisymmetric responses




The resulting number of contributions of each type is

summarized below for semi-inclusive scattering.

X=X ;. VY iq A Yi =Y, AA
Xo= XYV + XA = YA
X3=XYV 4 x4 3=YYV L YAA
Xy= X4 Z, =2V
X;=XVV 4+ xa4 | 7V

Xg = XAA

X;=XVV 4 xa4

11 symmetric responses 7/ antisymmetric responses

... and these are all functions of 4 dynamical variables,
rather than only 2 as in the inclusive case.




Upon using the kinematic variables in the laboratory system. together with
the following definitions:

N .
Ny = p—smﬁN
MmN
1

H - [En —vpn cosfOn].




the hadronic response functions can he written as

. 1
wee = > {pP* X1+ p’Xo + X3+ 2/prXs
+H?X5 + 2\/prHXg + 2HX;}
2
I,‘,;C'L = ’ov {sz —|— X3 —|— \/_( —|— V)X4

+H? X5+ ﬁ(; +v)HXg + ZHX7}

1
W_.f;LL = ? {—pQXl + pXo + 2 X5+ 2\/,5'UX4
+v2H?X5 + 2\/prH Xe + QUZHer}
wI = -2X; + Xsn%
WIT = _Xin%cos2o
-TC 2‘/_
L4 — nr{HXs + /prXe + X} coso
Wit = %?}T {vHXs + \/pX6 +vX7}coso
WIL = X, n%sin20
Ic 2\/_
e T??T {HX; + \/prXe + X;}sino
2
WIL — T‘/_nT (VHXs + /pXe + v X7} sino
' 1
WI = —{Z1+HZ)}
/P
el 2v?2
W, — T?}‘T {— (/pvYa + Y3)sin o + (\/pZo 4+ vZ3) cos ¢ }
‘L 2v2
w = T??T{ (/pYa + vY3)sino + (y/prZy + Z3) cos o}
/ 1
WL = 7 {Y1 + HY>}
e 2V2 .
wic = T'qT {(\/pvYs + Y3) cos & + (\/pZy + vZ3) sin o}
L’ 2V/2
W = — I {(\/pY2 + vY3) cos & + (\/prZa + Z3)sin o}




Note how the explicit dependence on the azimuthal angle © emerges: one has
pairs of symmetric contributions, namely 77T «— I'T. TC «— I'C.and TL «— I'L.
where a cosine is replaced by a sine. as well as pairs of antisymmetric contribu-

tions. namely, TC’ «= TC' and TL' «+ TL'. where a rotation is involved. Also
note that, while these constitute the complete set of semi-inclusive responses. in
tact none of the underlined cases enter when combined with the leptonic factors
obtained above, since the latter are all zero.




Contraction of Tensors
and Cross Section

The contraction of the leptonic and the hadronic tensors arises trom the
application of standard Feynman rules to the evaluation of the cross section
ot the process under study here: it is an invariant. taking the same form in
the laboratory, in the center-of-momentum. or in any other system of reference.
As mentioned above. the symmetric and the antisymmetric components of the
leptonic and the hadronic tensors can be contracted separately, since no cross-
terms are allowed:

vl = 0, W = S W 4o, W,

where y = 1 for incident neutrinos and y = —1 for antineutrinos.




One finds that

'};IPHH THY 7?3{1[';["?“ + g, W 03 ""?33“733 + s W g nzgnrzg
205 W+ 205 W2 4 2n50 W2 + 293, W72 + 203,12
Mo WY = 20gg W7 + 20, 10T + 2075, 1T
+2n5eWe” + 215 W32 + 205, W,2,




One finds that

5, WH Moo W20 + 2nga W + 3 W22 4+ 05 W 4+ 5, 1722
+2051 W + 203 W2T 4 205, W22 + 25, W32 + 203, W2
Wp;u WPF 2“'?“ H,J'U:; + 2“'?31 H;t? ! + 27?; 1 H;f !
+20Go W37 + 205 W22 + 20§, 2.

which can be expressed as

15, WE" = Re:nggRell™ + 2Reng;Rell™ + RergzRell™
+Ren; Rell™!! + Reny,Rell™? + 2Reng Rell ™!
+2Ren,,Rel3! 4+ 2Ren,,Rel1’%? 4+ 2Ren,,Rell 2
+2Ren,Rell?

i, WE = 2ImnggImI® + 2Imrg, ImW ! + 2Imagy Im 721
+2Im1go ImN 2 4+ 2Imngo ImW 32 + 2Imn o ImW 12,




Finally. in terms of projections with respect to the momentum transfer di-
rection the contractions read

?}'F_yﬂ’r‘“" = U { I:f-‘;ggﬂ"rcg + i}gLﬂ’?GL + ﬁLLHfLL
AW 4 Vg WTT 4 Vpe W 4 U WTL]

+[VTTWE+ VWIS + Vip WIL ]}

Yo { I:I?Tr H’ITJ -+ ?T JH‘TTG? + i}TLJ' WTL;]

- [VGL*' WeE o VTG’ e 4 VTL’ U ] }

where the hadronic responses contain all the VV., AA., and VA terms applicable
to each of them. In any of the above representations the symmetric contraction
involves 10 terms and the antisymmetric one involves 6 terms. for an expected
total of 16 terms.




From the tensor contractions above the matrix element of the process is:

G? cos? 6.vp

2mm'’

_:I'?

x'.!

|Mx|2 -

where G = 1.166 x 107> GeV =2 is the coupling constant of the weak interac-
tion. cos ., = 0.974 with 8. the Cabibbo angle accounting for the misalignment
between the strong and the weak hadronic eigenstates., vg was defined above,
and, as said above, y = +1 for neutrino and y = —1 for antineutrino scattering.




We then use the standard Feynman rules to evaluate the coincidence cross
sections for the processes A X (v, (" N)A71Y or AX (77, (TN)A71Y in the lab-
oratory system (see Raskin and Donnelly for the procedures for the analogous
case of (e, e’ N') reactions). We obtain

'GQ COBQ f. m n.,rH',q_1 o A,
——— FPK Ppnd®pa_10°(K+Pa—RK'—Pa_1—Px).
227 keEnEa X PNA PA-10 (N +Fa—1I A—1—LN)

This form 1s exact in the cases where the 4 —1 system is in a bound ground state
or a long-lived excited state. In other cases this form assumes that the wave
function of the 4 — 1 system can be tfactorized into center-of-mass and relative
wave funetions, which is not in general true for relativistic wave functions. How-

do, =

ever. since the momenta available to the A — 1 system will generally be of the
order of the Fermi momentum and the masses of the undetected fragments will
tend to be large, the nuclear system will generally be treated non-relativistically
and the factorization ot the wave function will then be exact. Upon integration
over the unobserved residual daughter nucleus momentum pa_y and energy
E 41 one gets

doy _ G?cos? 0. myWa—1 pnkvo
dk'dQprdQyp . 2(2m)° MY ke'Fre. X

where 11741 is defined so that f = 0. with (from energy conservation)

1/2 ]1/2

f=e+Mi—<'—(ph +my) " = (¢° + v — 2qpncosOn + W3_,

From the tunction f one obtains also the recoil factor Fi.. as
ExFEa_q | Of
Jlrgp?\r ap‘.‘\."

wPN — QIE_N cos Q_N
Frec =

— 1+
MapN






t-channel

Q" = (w, q)
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u-channel

Q" = (w, q)

DNP 2013
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In the latter case the interference responses do not integrate
to give no contribution, but have non-zero contributions.

Thus, u-channel processes such as neutrino-in, proton out
with no muon detected (CC) or no neutrino detected (NC)
are not simply related to t-channel inclusive process in general.

See J. E. Amaro, M. B. Barbaro, J. A. Caballero and T. W. Donnelly,
Phys. Rev. C73 (2006) 035503 for more discussion of the NC case,
including scaling in the u-channel.



Summary:

1. Any model that does not succeed for electron scattering
is very unlikely to be valid for neutrino reactions.

2.Relativistic effects from kinematics and boost factors are essential.

3. Interaction contributions in both initial and final states are significant
and naive models such as the RFG fail at the 25% level or so
to reproduce the data, while for inclusive scattering RMF theory
is much better.

4. MEC effects are significant (and should be modeled relativistically).

5.Inclusive “QE” model CC neutrino cross sections fall short of the
MiniBooNE data, even when MEC effects are included,
whereas for NOMAD kinematics they are much better.

6.While the models discussed here are not too bad for inclusive
scattering, they are not suited to semi-inclusive scattering
for all choices of missing energy/momentum.

7.For semi-inclusive reactions (detection of one final-state hadron)
relativistic one-particle spectral functions are better, although
they also involve approximations.

8.For reactions requiring detection of two or more particles one
needs relativistic two-particle spectral functions!
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