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The v,— v, oscillation hypothesis will be tested through production of 7 in underground neutrino
telescopes as well as long-baseline experiments. We provide the full QCD framework for the evaluation of tau
neutrino deep inelastic charged curré@C) cross sections at leading twist, including next-to-leading-order
(NLO) corrections, charm production, tau threshold, and target mass effects in the collinear approximation. We
investigate the violation of the Albright-Jarlskog relations for the structure funcigrsvhich occur only in
heavy lepton ) scattering. Integrated CC cross sections for neutrino-nucleon interactions are evaluated
naively over the full phase space and with the inclusion of DIS kinematic cuts. Uncertainties in our evaluation
based on scale dependence, PDF errors and the interplay between kinematic and dynamical power corrections
are discussed and/or quantified.
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. INTRODUCTION OxFg=F,, ©

Results from the Super-Kamiokande underground experi-
ment measuring the atmospheric neutrino flux suggest thayvherex is the Bjorkenx variable. These generalizations of
muon neutrinos oscillate into tau neutrinos with nearly maxi-the Callan-Gross relatioR,=2xF; are called the Albright-
mal mixing [1]. A test of the oscillation hypothesis is,  Jarlskog relations. As with the Callan-Gross relations, the
production ofr through charged current interactions, a pro-Albright-Jarlskog relations are violated from kinematic mass
cess which will be studied in underground neutrino tele-corrections and at next LONLO)" in QCD. We quantify the
scopeq2] as well as long-baseline experimep® measur-  Violation in Sec. Ill A.
ing neutrino fluxes from accelerator sources. For precision Below E,~10 GeV for muon neutrinos and higher ener-
measurements of oscillation mixing angles and eventuallgies for tau neutrinos, untangling the exclusive and inclusive
CP violation, neutrino cross sections will ideally be known contributions to the neutrino-nucleon cross section is diffi-
to the level of a few percent. Eventually, measurements o€ult. The cross section in this energy range has quasi-elastic,
neutrino-nucleon charged current interaction cross section@sonant productiorisuch asA production, nonresonant
are expected to be at the 1% level at a neutrino fadidly  pion production and other inelastic contributions. There are

The QCD theory of deep inelastic cross sections in theseveral phenomenological methods for avoiding double
leading-twist approximation has proceeded to the point ofounting in this region. One method employs a cutoff in the
evaluating next-to-next-to-leading ord@rloop) perturbative  hadronic invariant mas$v>W,,, such that the combined
QCD corrections to the coefficient functions for the structureexclusive andV,,, dependent inclusive cross section yields
functionsF,, F, andF3 [5-8] and approximations for the a total consistent with dafd 7]. Using muon neutrino data, a
splitting functions [9-11]. In the specific case of common choice folW,, is 1.4 GeV. A second method in-

v,-isoscalar nucleoriN) cross sections, target mass correc- -volves looking at different final state multiplicitigd4]. By
t|ons and nuclear binding effects in a leading orde®) normalizing the calculated total cross section for a given
twist-2 approach of deep inelastic scatterifi®lS), com- mu|tlp|ICItyj ot to the data, one can determine the factors
bined with the elastic peak and a modeling of higher twists inf; in o},= ot fijohs. The quantityo',s is determined by
the continuum and resonance region of DIS, have also beethe inelastic cross section and the hadronization scheme. The
investigated[12,13. Tau neutrino charged current interac- Monte Carlo program for the Soudan experiment does the
tions with nucleons have received less theoretical attentionormalization a, =20 GeV[14].
[12,14,15. Albright and Jarlskog, in Ref.16], pointed out We present here the deep-inelastic contributiony1bl
that there are two additional structure functiofRg,andFs, — 71X incorporating next-to-leading order QCD corrections,
that contribute to the tau neutrino cross sectibp.andFs  collinear target mass and charmed quark mass corrections.
are ignored in muon neutrino interactions because of a supas explained above, our results for the leading twist DIS
pression factor depending on the square of the charged legomponent only approximate the full cross section in the low
ton mass |(n() divided by the nucleon mass times neutrino energy region o, <20 GeV where quasi-elastic and reso-
energy,m{,/(M E,). At leading order, in the limit of mass-
less quarks and target hadrofs, andF5 are

e will find below that Eq.(2) is not violated inmasslessNLO
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nant scattering play important roles i) scattering18—20  tions from the~ q*‘q”/M\zN part of the massive boson propa-
and must be investigated in greater detail. Charm mass cogator are negligible both at low and at high neutrino energies
rections are included for consistency in keeping tau mass arghd will not enter our numerics. For completeness of this
target mass corrections. The NLO structure functibpsind  formulary, though, they can be included multiplicatively by
Fs including charm quark production have been evaluated byeplacing

Gottschalk in Ref[21]. Here, we correct a misprint and

evaluate gluonic helicity states i dimensions rather than 4 F}/Vi_)F}Ni X (1+€) (4)
dimensions. We show numerical results for the new structure

functions and for the charged current cross sections, botfyith

with and without imposing a nonzero value f@V.;,. To

gauge the effects of perturbative delicacies such as higher- m2(Q2+2M\2N)

twist beyond the inclusion of target mass effects in the scal- €= T—4

ing variable, we also evaluate the effect of imposing a cutoff 2My

on Q2. We find that the collinear cutoff effect of the tau mass

m,=1.78 GeV is enough to guarantee that fd, E2m2y[4ME,+y(Q%+m?)]
=5 GeV, oc(v,N) is dominated byQ?>1 Ge\?. While €=~ MA[4(y— 1)E2+m2+ Q2]

this is widely considered a perturbative scale in QCD, some
caveats about the possible importance of higher twist are

discussed. €=0 ®)
In Sec. Il, we show the formulas for the differential cross 5

section in terms of structure functions, and the expressions _ QA(Q*+2My)

for the structure functions at NLO. Charm quark mass cor- €= Mcv

rections for the charged current process are displayed, to-
gether with the results for the.—0 limit. In Sec. Ill, we
exhibit our numerical results for the structure functidghg

andFs, and forv N andv N interactions for neutrino ener-
gies up to 100 GeV. Cross sections are compared to those
with incident muon neutrinos and uncertainties are dis- Kinematics determine the integration ranje® be
cussed. We conclude in Sec. IV. In an Appendix we rewrite 12,16

the Albright-Jarlskog relations in terms of helicity ampli- 5
tudes and pinpoint the approximations in their derivation. m:

_ Q2 (My+Q%(mE+ Q%y

€
* M2, 2M,

——<x<
IMN(E,—m) ©
Il. v, DIS AT NLO
and
Neglecting neither the target nucleon malky nor
the final state lepton masm,, the charged currenv, a—bsy=<a+b (7)
(anti-)neutrino differential cross section is represented by a
standard set of 5 structure functiofis],2 where
2 v(;) 2 2 . 1
deo _ GEM\E, y2x+ mzy W 1_m3 —
dxdy  m(1+Q2M2,)2 2E, M,/ 1 2M\E, X 2E?2 o
2 M " 2(L+MNX ?
m- NX L ewe 2E
+ 1 4E12/) (1+ ZEV Yy F2 v
2 \2 2
1= )= ™Y e \/(1_ i )_m_z
— y 2 4EVMN 3 be ZMNEVX Ev
B M X :
2 2 2 2 N
mZ(m:+Q“) th_ m: F‘s’"t | 3 2(1+ JE,
4AE2MZx E.My

In the perturbative regime we can calculate the structure

where {x,y,Q?} are the standard DIS kinematic variables functionsF"" from parton dynamics by use of the factoriza-
related throughQ?=2MyE, xy and where we have ne- tjon theorem
glected factors om?/2M\E,- Q¥ M%,. These latter correc-

3Atypographic error in Refg§12,16] is corrected here in the lower
20ur normalization of, differs from that in[16] by a factor ofx. limit for x.
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relating the hadronicW*") and partonic {*”) forward ma-
trix element of the product of weak currert#*J"). In Eq.
(9), f(&,1%) is a parton distribution function evaluated at
factorization scale. and the parton momentum fractigrof
the light cone momentum of the nucleoR, = (P
+PZ%)/\/2. Intrinsic transverse momentum of the incoming
parton is neglected throughout our discussion,p.e=0 in
Eqg. (9).

For the neutrino energies of interest here, we can safel

restrict the consideration to the first two quark generations.

The light flavor contributions to Eq3) can be obtained from
the m.— 0 limit of the charm production component which
we will, therefore, consider firétThe charm production con-
tribution todo will be represented by the structure functions
F¢. We introduce theoretical structure functiéns

2
FHXQA=(1- )-8 (ad) + T
1d§r Q2 ) ;
X{ |——[Hl &=\ |s'| —,u?
[L ¢ 3 2 s o
Q? 7
TR & e (10
PR A P

for scattering off the Cabibbo-Kobayashi-Maskaw@kM-)
rotated weak eigenstate

SI:|VS,C|2 S+|Vd,c|2d (11
and its QCD evolution partner
9'=9(|Vsc*+[Vyl? (12

i.e.,ds’/dIn Q=S ®Py+g @Py,.
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been traded fo§’=;/§ which relates to the partonic c.m.
system (c.m.9 energy s=(p+q)? through 1£ =x(1
+5/Q?).

The theoretical structure functions in E(LO) are ob-
tained from a tensor projection on the partonit” and have
been conveniently normalized to a simrmiag) term. As
indicated, the leading order contribution f; vanishes. In
the presence of target mass, the physical structure functions
F}"’t in Eq. (3)—relating to a tensor projection on the had-
ronic W*"—are a mixtur@ of % . Explicitly in our case of
gharged currenfCC) charm production we have

F$=F¢ (14)
x F3
2=2 — (15)
C
¢ .73
FS 2p (16)
L ATPT oL e 10 g (17
4= 5 2 4T T J5
N 2p?
T (emD) o 18)
5 p )\pz 2
where
2M x|\ 2
251+( N ) , 19
p o) (19

FC=Ff(x,Q%) and Ff=F%(x,Q?%. These results are in
agreement with Table V in Ref23]. They rely only on the
assignment of parton light cone momentprh related to the
nucleon light cone momentup™ = ¢Py,, with p, =0 and

In Eq. (10) we set the renormalization scale equal to thegzgat leading order.

factorization scale and

1
n

>3

13

1 . 1 . M?2
v " NaeT g
is the target mass corrected slow rescaling variable. Th
quantity  is the Nachtmann variabl@2]. The charm mass
dependence is included in the dimensionless Q?/(Q?
+m§). In Eqg. (10) the convolution variabl€ in Eq. (9) has

“The contribution from charm production witm.#0 will also
round up the picture of including all effects from masses of
O(1 GeV).

5To meet with an experimentalist's point of view, we denote func-
tional dependence oxandQ only in the left-hand sidéLHS) of

The NLO correctionsH% 5 were first obtained in
Ref.[21] andH{d ; have been rederived {24]. We follow
these references in notation and present the full set (
=1, ... ,5)including our independently rederivétf; . The
fermionic NLO coefficient functionsH{ in Eq. (10) for
Eharm production are calculated from the subprod#ss
—gc and from the one-loop correction W*s—c. They
are given by

6See Ref.[23] for details on the mixing of structure functions

QZ
N

QZ

HL 1,2,3,5( £
M

1_21

P{(&)In

+h?(§,7\)1
(20

2

Eq. (10); corresponding in theory to an exact knowledge of all masswithin the tensor basis.
parameters and an ideal validity of the renormalization group for ‘For the ease of notation, from here &mill be a generic variable

observable cross sections. Residual scalg dependence will be
investigated below.

and no longer the light-cone momentum of H). To strictly
match Eq.(10) we should have&— ¢’ instead.
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TABLE |. Coefficients for the expansion &f? in Eq. (21). TABLE II. Coefficients for the expansion df? in Eq. (25).
i A Byj Baj Bg; [ Cy; Cyj Cs; Caj
1 0 1-4&+ &2 E— &2 1 1 A—4(1-\) (1-Mé 2 4
2 2 1 1-A¢
2 Ka 2—252—E F1¢ 2 5 8-18(1-)) 1 N B\ 1\
5 0 g e . +12(1-)\) Y
2 3 2(1—\) 0 —2(1-¢) 2
I T T 1-)
- 25 g-101-)) (A=ME 4 ~10
1-\E NE
where
h¥(£N)=Co+Cyy E(1-8)+C,
© 4 1+§2 i 0 1, 2
Paal8)=3| 1=¢ +(1=N\) & L, (C3i+t\ & Cqy) (29
and with
4 Co=PR)(&) [2IN(1-&)—In(1-N&)—Ing]l.  (26)
a =_!nd : — R
hi(€.0) 3 { A A(1=8)+ By (1-¢&) . The coefficientsC, ; are given in Table Il. As in Refl.24],
they differ from those in Ref[21] by counting—within di-
1 —y mensional regularization—the gluonic helicity statesOn
+By; m+ Baj| — (21)  [25,2€ rather than in 4 dimensions.
* (1=28)7], The structure functiorf, is insensitive to any collinear
with physics up tc@(aé) and the corresponding coefficients:%,
are, therefore, scheme and scale-independent functions. They
1 72 1+3\ ) are given by
hi=—| 4+ —+ 4+ —— K, |8(1—-§)
2N 3 2\
, (EN)= 4 7\(1 §)E1+(1-2N)¢] 27)
1+ £&9)In HiL, B 2
_%Hﬁgz) (1-1¢)
g - i (1—
2 |n(1_§)_|n(1_)\§) - H|:4(§,)\) 27\%[1 f (1 )\)f L)\]- (28)
1-¢ . @2 In the limit A—1 (m.—0) and after an additional mini-
mal subtraction of the collinear mass singularities in
and HY 1,35 the H"Y reduce to the massleddS coefficient
1 functions®
KA:X (1=N)In(1—N). (23 Q?
limH{fl &=\ =CEl©) (29
The coefficients in Eq(21) for i=1,2,3,5 are given in Table A—1 K M2=Q2
I. A misprint in Ref.[21] concerningA, was already cor-
rected in[24]. Here, we correct a similar misprint concerning g Q? oy, M1Q?
As. lim\ H_ 1249 &=5 F(1-38,4)PPIn T
The gluonic NLO coefficient functiond? in Eq. (10) for Aot K u?=Q?

charm production, as calculated from the subproddssg :Cg)_( &) (30)
J— |
—Cs, are given by

e

where

whereC{!) andC§) for i=1,2,3 are the massless modified
minimal subtractlon schemeéMS) coefficients in Appendix
Il of [26]. Extending the results in Refi25—27] to include
i=4,5 and within the notation of Ref26] we find

Q2
(0)
qu(g)( +Ly+in %

+hi(&N)

(24

8The choicew=Q is made to match with the notation [126].
1-\¢& Retaining a generak# Q on the LHS of Eqs(29), (30) results in
(0)¢ £y = 2 — &2 - i . . ' - .
qu (O)=1/12[&+(1-67], Ly=In (1-N)€ the massless coefficient functions for arbitrary scale. Obviously, this
amounts to adding back tHIn(Q%w?) “splitting function times
and log” counter-terms.
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4 T T T T
CN&) =3¢ (3D) Q=2 Gev?
’ 3 dashed: My=0
Clyo=cty® (32
CENO=2£(1-¢) (33)
CEL O =CEX). (34) |
To calculate the light quark contributions to GC DIS, the
massless coefficient functions on the right-hand sRidS) LO
of Egs.(29)—(34) are used together with the parton distribu- 2 | L |
tion functions(PDF9 which multiply the CKM matrix ele- 1o 02 04 06 08 1

ments |V, ;.| in an obvious modification N—1, H <
—C, ...) of our Eq.(10). The result is added to the charm
production componentl0) to obtain the entire NLO struc-
ture function.

It is interesting to note that the equaliti€®?), (34) guar-
antee that the Albright-Jarlskog relati@) is not violated in
massless QCD at NLO. Equatiofist)—(18) and the fact that _ ) S
H39-H39 for charm production manifest, of course, a vio- 1N Fig. 1, we showF ,(x,Q?=2 GeV?). The solid lines in
lation of Eq.(2) in the real world of massive target hadrons the figure include target mass corrections of E), while
and of heavy quarks interacting through QCD This observathe dashed lines are with the target mass set to zero, so that

tion must actually be expected to hold at all orders as we7—X and p=1. The leading ordefLO) curve with My
clarify in the Appendix. =0 showsF,=0, even with charm mass corrections in-

cluded. A leading order violation would occur if the initial
quark masses were set to nonzero values. Including the target
mass corrections shows the effect of the mixingAafwith

F, and F5 in Eq. (17). The NLO corrections have an effect

FIG. 1. The structure functiofr, as a function ofx at fixed
Q?=2 Ge\?, at LO and NLO, using the CTEQ6 parton distribu-
tion functions. Dashed lines show the case with target nh&gs
=0.

IIl. STRUCTURE FUNCTIONS AND CROSS SECTIONS

A. Structure functions

: ; imarily at smallx.
The Albright-Jarlskog relationgEqgs. (1) and (2)] are  Primarn o .
valid at leading order in the massless limit. Here, we show, Flfure f shows ]:c.he vz!cilatlon \/%f the secolnd Albright-
F, and XFs—F, to demonstrate violations of these rela- JarSkog refation, at fixe@“=2 GeV". Even at leading or-

tions. We use the CTEQ6 parton distributiofz8] which ~ def XFs—F,70. This is due to charm quark mass correc-

of s 2 .
include estimates of the uncertainties in the distributionsions in W's’—c. The magnitude at sma reflects the

Thus, in Sec. 11l B we will be able to quantify the error in the impact of thes’ sea distributi.on.. Target mass effects incor-
evaluation of oco(v.N) that is caused by our imperfect porated by Eq(18) are not significant. Including the NLO

knowledge of the PDFs. The CTEQS fits are provided forcorrections m_akes small changgs to the curve at swall
u>po=1.3 GeV but can be extrapolated to lower values ofBoth of the figures show that in evaluations of the total
wn. When the factorization scale squared goes be),oﬁ(y[
=0.5 Ge\?, though, we choose to freeze itaf=u2,. An
alternate set of parton distribution functions used below is
the Glick, Reya and Vogt GRV98 s¢R9] which evolves
from ,ué=0.4 GeV? with parametrizations provided above
,uﬁutz 0.8 Ge\2. In principle, CTEQ6 covers the parameter
space of global PDF related data within conservative errors.
On the other hand, the evolution with three quark flavors
(u,d,s) of GRV98 matches better with our evaluation of
occ(v,N) at low neutrino energies where we assume light
sea quarks only. In comparison, the CTEQ6 PDFs are
evolved with a variable flavor number which is, strictly, not
fully compatible with our approach. When we quantify the
uncertainties from the PDF degrees of freedom we will,
therefore, employ GRV98 for an independent comparison.
Thereby, we can convince ourselves that the slight inconsis- x

tency mentioned above leads to no noticeable bias in prac- gig, 2. The structure function differencexBs—F as a func-
tice. The CTEQ6 NLOMS set of parton distribution func- tion of x at fixedQ2=2 Ge\?, at LO and NLO, using the CTEQ6
tions is our default choice in the evaluations below. If notparton distribution functions. Dashed lines show the case with tar-
stated otherwise, the curves correspong:te Q. get massM=0.

0.05

Q=2 GeV?
dashed: My=0

o]

2xF,—F,
~0.05

-0.1

-0.15

0.4 0.6 0.8 1
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S v, ] s E,=5GeV
0.008 GCC(V N)/EV [pb/GCV] v, - “'"5 L
C ] s [
F oo ] SAENY ]
0006 "7 eemeemmmmeoooes 3 S
N Pt o) [
0'004:_,/ 3 “'PE o L N | A ]
eurves: ] o1 = ——rrrr —rrr
0.002 [, upper curves: no cuts ] = i -
Cr lower curves: W>(1.4GeV)?, Q%1GeV? ] 08 L E, =10GeV
L | I I BT R [
%0 20 40 60 80 100 05 ]
0005 ——————T7T T 71— T 1 7T ——T ] [
F - mmme- V, ] L
0004 £ Scc(v NYE, [pb/GeV] v E i
s ] 0
C e 1 1 = ——r
e U r I E, =20 GeV
0.002 E = I
5 ] 05 | .
0.001 | ] 3
0:’1 3 oL T , Ll L
0 20 40 60 80 100 1 —rry —
A s = 5 [ E, =50 GeV
B ] 3 no W cut
08 F . -
E ] 05 F---- W>14Gev ]
06 | 3 -
0.4 :_ GCC(Vr N)/GCC(Vu N) _: (1) Co ol ool L 11
0.2 :— """ GCC(VT N)/GCC(VH N) _: : EV =100 GeV
0 L— . .......|2 . .......|3 L] 0.5'_ ]
1 10 10 10° E, [GeV] i
FIG. 3. Cross sections for_inclusive neutrip@cc(vN), upper ol L i LS
panel and anti-neutrind occ(vN), middle pan€]l production of 107! 1 10 R 5 10°
charged leptons on an isoscalar target, evaluated at NLO and plotted Qpi, / GeV

versus the energy of incidept- and 7-flavored(anti-)neutrinos. We . ) 2 s
show the outcome of a naive integration over the full kinematic. G- 4 Ratioocc(Qmin)/occ(Qmin=0) versusQy,, for ».N CC

range ofW2 and Qz along with the effect of imposing DIS cuts interactions withE =5, 10, 20, 50 and 100 GeV. The solid lines
on these variables. The ratiosrec(v,N)/oc(v,N) and @€ withWinin=0, the dashed lines with/,=1.4 GeV.

<f_c_c(7TN)/0cc(7,LN) which we show in the lower panel are insen- pelow are, however, completely insensitive to it. In Fig. 3
sitive to these cutgand we show the uncut resylts muon(anti-)neutrino cross sections appear with dashed lines,
while the solid lines show the ta@nti-)neutrino cross sec-

lcT’:IFQEd curren;cross S?Cti?[_n’ th‘i n?rivel\'lo\llt())right_\llﬁrls'llfﬁg "'&ons. The upper curves show no cuts while the lower curves
ations are good approximations to the results. This i 2_ 2(y—1 2 2
true at low energies, wherec(v,N) does not probe small- s’r;ai/eGe\\léV Astv(;( Shzvl\l);hé%>gl'?osvey)il 4ag<lv ?he
. . . ] min . ’
x and at high energies whefe, s are suppressed, anyway. 5, neutrino CC cross section is fairly insensitive to @@
_ cut of 1 GeVf. At, for example,E,=20 GeV, oc(QZ,
B. Cross sections =1Ge\®)/oc(Q2,,=0)=0.93 for »,N CC interactions.
The cross sections for neutrino and antineutrino charge@he Q2 cut has a larger impact owc(v,N), where
current interactions with isoscalar nucleons are shown in theo(Q2,,=1 GeV?)/oc(Q2;,=0)=0.85 for E,=20 GeV,
first two panels of Fig. 3. We use our default set of CTEQ6due to the fact that for nearly massless lepta@s;> Qrznin
parton distribution functions with the factorization scale cuts out a larger fraction of the available phase space.
equal fo the renormalizéation scal¢ and u”=Q’. Below The small changes in the CC cross sections v@th,,
2= pgy, We setu®=ug, in the parton distribution func- =1 Ge\? lead one to expect that nonperturbative effects at
tions and inas, but we keep the explici®? dependence in  |ow Q2 are unlikely to be large when one also applies the
the differential cross section of E43) as well as in the w,_, cut of 1.4 GeV. At low energies, without th&,;, cut,
counter-logs~In Q% of the NLO coefficient functions. a substantial contribution to the cross sections comes from
For Q2<,u§ut, a noticeable impact of these logs is indicative Q><1 Ge\?, however, and this is precisely where the DIS
of long-distance strong interaction. The evaluation cangcross section is only a rough approximation to the true cross
therefore, not be trusted perturbatively, whenever it becomesections with quasi-elastic and resonant as well as nonreso-
sensitive to the technical choige> u.,;. Most of our results  nant contributions.
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- L5 —
Q 10 cuts
B 5 we W 1.4GeV ]
& © 2 F , -
o =4 . W>1.4GeV,Q >2GeV"
% o Y
§al
© [}
? ;
O m '
—
— o —IL
PR ]
= |
3 i
gy
5 oF
~— u}
o b
'o h I . 1 . 1 . 1 .
~—
0 20 40 60 80 100 0o L ]
E, [GeV]
. 0.8 N M | " " N " " M ,
FIG. 5. The charged current cross section and the separate cor 10 E 10”

v

tribution from vN—cX for incident», (dashed lingand ». (solid

line). At E,=100 GeV, the charm production contribution is about  FIG. 6. TheK factorK = NLO/LO for tau neutrinos with no cuts

7% of the total. (solid), W,,;,=1.4 GeV (long dash and W,;,=1.4 GeV with Q?
>2 Ge\# (short dash

The bottom panel of Fig. 3 shows the ratio of théN to ) %
v,N CC cross sectiongsolid lines and the same ratio for The K factor, a comparison of the NLO to LGharged

antineutrinos. Shown are the uncut results, but the resulfeurrent cross sections for incident tau neutrinos is shown in
with the W, and Q2 cuts agree to within 3% foiE, Fig. 6. As to be expected, N_LO c_o_rrections are most s_ignifi—
>20 GeV. Of note is the fact that evenB=10° GeV, the cant near threshold.where V|rtua!|t|égs2 are lower andyg is
v,N'to v,N CC cross section ratio is still 5% below unity. At 1arger than at higher energies. AE,=10GeV, K

100 GeV, the ratio is 0.76. There are two reasons for the- NLO/LO=1.12, reducing tK=1 atE=50 GeV for the
deficit in the v, CC cross section: the reduced phase spacgvaluation with no cuts. The three curves show that with
and the contribution oF 5. The reduced phase space is re- Wmin>1.4 GeVandQ*>2 GeV?, K factor is the same as for
flected in the integration limits fox andy [Egs.(6) and(7)] ~ th€ uncut cross section except fl,<10 GeV where the
[30]. This is responsible for about half of the suppression ofcUtS improve the perturbative convergence. Rifactor with

the », CC cross section relative wee(v,N). In Eq.(3), the only theWmin cut is even slightly lower, co_nfirming the_ ex-

F5 term appears with a minus sign, and no factox.oBince pectation bas_ed on Fig. 4 that perturbation theory_ is well
Fo~F,~q(x,Q?), there is a smalk enhancement of its behaved and its convergence does not have to be improved
contribution to the cross section at high energies. Fae DY any furtheQp,, cut on top ofWiy,,. Overall, theK factor
term accounts for the rest of the suppression ofitheross is reasonably close to one to indicate trustworthy perturba-

section at high energies. The tau mass corrections to the préfye NLO predictions, even more so when thé, cut is
actors ofF,, F, andF4 become negligible at high energies MPosed.
because the low-rise ofq(x) is tempered by factors of or o
y for these structure function. C. Uncertainties
Since mass effects for tau neutrino interactions persistto 1 |n this section we investigate a few factors that cause
TeV, it is interesting to compare to the case of muon neutrin@heoretical errors in the evaluation ef.c. A full assessment
CC interactions at low energies where the muon mass igf uncertainties will have to be based on the combination of
important. Since the factor of lepton mass comes into thehe quasi-elastic and resonant channels with our DIS resullts.
equations vianZ/E,,, the energy for muon neutrino interac- At higher energies, though, where DIS becomes dominant,
tions equivalent to 1 TeV fow, is E,=3.5 GeV. At this  we already can provide a good guide towards error estimates.
energy,oc(v,N) includingm,=0.106 GeV(without cuty An uncertainty in our evaluation of the cross section is
is 2% lower than the cross section with),=0. This smaller  due to the factorization scale dependence of the cross section
suppression is due to the fact that at low energies, one does fixed order in perturbation theory. To evaluate the uncer-
not get significant smal-contributions toFs. Furthermore, tainty due to the scale dependence, we have varied the fac-
for v,N scattering, this energy is in the range where the DISorization and renormalization scalg.€ up=ug) over a
approximation to the total cross section is not reliable. very wide range ofu?=0.1—10 Q? for energies between 5
Charm production in neutrino interactions is a small con-GeV and 100 GeV. A selection of energies is shown in Fig. 7.
tribution. In Fig. 5, we show the total charged current crosswe show the ratio ofrcc(v,N) as a function ofu?/Q? to
section and the separate cross sectionfér~cX as a func-  the cross section ai?=Q?. The flat x dependence is a
tion of incident neutrino energy. The dashed curves are for
incident v,,, the solid curves for incident.. At E,
=100 GeV, charm production contributes about 7% of the °The LO result is obtained by neglecting &) terms in Sec.
cross section for botlr, and v, . Il and employing the CTEQ6L PDFs.
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FIG. 7. The ratio ofoce(u)/occ(e=Q) in NLO for v.N in- FIG. 8. The ratio ofocc(u)/occ(e=Q) in LO for v,N inter-
teractions, as a function @f?/Q? for several values oE,, . actions, as a function gf?/Q? for several values oE,,.

reassuring feature of the NLO calculation as opposed to thgyinty at low energies underlies a larger uncertainty associ-
monotonic decrease witn observed in LO, see Fig. 8. ated with the DIS approximation near threshold where the
While we discuss here the full range af as plotted in Fig.  quasi-elastic and resonant contributions are significant.

7, the perturbative stability observed in Fig. 6 suggests that At higher energies, the variation in the ratio is between
one would very likely overestimate the uncertainty from _gg5 1 ForE =20 GeV, the ratio in Fig. 7 is between
higher orders by such a wide scale variation. This seemg g5 4nq 1 for,u27Q2~O.2—4.

even more so if we look at the scale dependeriactor in
Fig. 9 which prefers scales close to the canonical DIS choic
u=Q where K=1. Still, scale choices are arbitrary to a
large extent and we prefer to discuss the full picture instea
of narrowing it down to some window fog around u
=Q. At E,=5 GeV, the variation is the largest for the cross .
section evaluated with no cuts, ranging between 1.16 any09t 1998(GRV98 PDF set, att,=20 GeV with u=Q,
0.66. As explained in Sec. Il A, fqa2<g,u§i, we always set yields a cross seition only about one percent smaller thfin the
= o 20 For smallw/Q, the ratio without cuts ifW,Q} CTEQG set. AE,=5 and 10 GeV, the GRV98 cross sections
is nearly constant as a function pf/Q?, showing the de- '€ 10% and 4%_; lower than the CT_EQG cross sections yvhgn
gree to which the uncut cross section comes from small "° cuts are applied. The larger deviation at lower energies is
values whereu,, takes over and where the perturbative due to- the different higlx-distriputions in the two PDF sets.
treatment is unreliable. Withw,Q} cuts applied, the varia- IncludingW>1.4 GeV results in a deviation of 3.6% B,

tion over the range of scales is slightly less. The scale uncer=5 GeV, even less for higher energies. Table Il represents
results for a few selected energies with a ciMmpplied. As

commented above in Sec. Il A, the PDFs also differ in their
e, strictly  the plot  should be labeled treatment of the number of active flavors and in the value of
oec(maX w, eyt ) occ(MaxQ,ueud) - the strong coupling constant.

The uncertainty in the cross section due to uncertainties in
the parametrization of the parton distribution functions
((jPDF) is harder to quantify than the scale dependence. One
approach is to use different parton distribution functions than
the default CTEQ6 set. As a comparison, the ckiReya-
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FIG. 9. TheK factor K=NLO/LO versus factorization scale
for tau neutrinos with no cutésolid), W,,;,;=1.4 GeV (long dash

K(W = Scenpo / SecLo®)

0-5 C 1 1 1 1 11
107! 1

Frmmamss”

2 E,=10GeV 1

F E,=20GeV ]

2 E,=50GeV 3

L ' ' MR R | ) ) MR R |:
i

+ no cuts

[ oo - W> 1.4 GeV =

a2 >14Ge E, = 100 GeV

F eeeeererenes W>1.4GeV,Q”>2 GeV’

Wk 10

andW,,;,=1.4 GeV withQ?>2 Ge\? (short dash

The CTEQ Collaboration has also provided distributions
in addition to their best fit s28]. The 20 dimensional pa-
rameter space to which the PDFs are sensitive yields 40 PDF
sets with plus/minus variations on the eigenvector direction%
in that space. The resulting error estimateogi( v,N) from
evaluating the 40 sets is 3%B;=20 GeV, see Table Ill for
other values oE, . Overall, the GRV98 results lie within the
uncertainty estimate suggested by the CTEQ6 eigenvect
PDFs. We can, therefore, be confident of the absence of

TABLE lll. Propagation of PDF uncertainties into the evalua-
tion of oc(v,N) with a cut W>1.4 GeV. The second column
Aoccwas calculated using the CTEQ6 eigenvector PDFs along the ¥
master formuld3) in [28]. The third column compares GRV989]

with the central CTEQ6M set.

PHYSICAL REVIEW D 66, 113007 (2002

systematic effect from the number of flavors and that the
statistical uncertainties as encoded in the CTEQ6 sets pro-
vide a realistic PDF error estimate fotzc(v,N).

We have incorporated kinematic corrections due to in-
cluding the target hadron mab&y by employing the parton
light cone fraction¢, which equals the Nachtmann variable
7 [22] at leading order in the massless quark limit. One finds
that » is much different than Bjorker-at largex. For ex-
ample, forQ?=2 (10) Ge\f, »=0.45 (0.49) ak=0.5 and
7=0.75 (0.92) atx=1. The use ofy rather thanx in the
structure functions has the largest impact at higgmd low
Q%

Target mass corrections are also included via Et$—

(18), in which the 7; are mixed with target mass dependent
prefactors for a giverr; . These formulas are based on the
assignment op, = &P to the light-cone momentum of the
massless incident partop{=0) given P>’=M?2. The par-
ton and nucleon are assumed to have collinear momenta,
p, =0. The formalism is discussed in detail in RE23],
however, other choices for the model of including target
mass effects are possible, for example, including parton
transverse momentufi8l] p, #0. The model of Ref[31]
reproduces the kinematic corrections for the leading twist
operator product expansion res{iB2]. As a consequence,
our results here serve only as a guide to the magnitude of
target mass corrections to the charged current cross sections.
For the transverse structure functibr of Ref.[31], which
equalsF, in the collinear parton approximation, the differ-
ence between thp, #0 approximation giving-1 and our
orderpf approximation is less than 10% over athndQ? as
low as 1 GeV, rapidly falling below 5% aiQ?=2 Ge\~.
Low energyO(pf) effects and the target mass treatment in
general border onto dynamical higher twists at laxd&3—
35]. Those concepts will be investigated in more detail when
future work will combine the DIS cross sections with the
non-DIS channels.
The effects of the target mass corrections as implemented
here onF, and xFs—F,, as shown in Figs. 1 and 2, are
mall. In terms of the total cross section, the lowest energies
are most affected. In the absence of kinematic cuts,
occ(v,N)(E,=10 GeV) forMy=0 is 8% larger than the
cross section including the target mass yiand Eqs(14)—
58). ForE>20 GeV, the deviation is less than 5%, down to
the 2% level at 50 GeV incident neutrino energy. When one
includesW>W,,,=1.4 GeV, the effect of target mass cor-
rections on thev,N CC cross section is less than 2% for
>8 GeV. The reduced effect is due to the fact that the
min Value reduces the region of integration for larggince
2ME,y(1—X)=W2,—M§.

IV. CONCLUSIONS

EV [Ge\/] A Occ (ch(GRVQS)_ (ch( CTEQ6)
5 5.6% —3.6%
10 3.3% —2.5%
20 2.8% —1.0%
50 2.4% *+0.0%
100 2.2% +0.5%

The NLO corrections for the’,N charged current cross
section have a relatively large impact at low neutrino ener-
gies near threshold and less of an impact at high energies. We
have already shown thi€ factor in Fig. 6. In Fig. 10, we
show occ(v,N)/E, versus neutrino energy at NLO includ-

ing target mass corrections as implemented via Et$.—
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L e e e e R AR ] of weak interactions, is not completely clear.

- The vN cross section is an important ingredient in current
and future atmospheric and neutrino factory experiments.
Our evaluation of the NLO corrections fer,N CC interac-
tions including charm mass corrections and an estimate of
target mass effects is part of a larger theoretical program
[12-17,2] to understand the inelastid\ cross section over
the full energy range relevant to current and future experi-
ments.
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v APPENDIX: THE ALBRIGHT-JARLSKOG RELATIONS

FIG. 10. Our calculation ofocc(v,N)/E, (10738 cm?/GeV)
versus neutrino energ¥seV) compared to its naive evaluation ne-
glecting masses and NLO corrections.

In this appendix we pinpoint the approximations for
which the Albright-Jarlskog relation®JRS9 (1) and(2) hold
beyond the naive parton mod@ihere they are exactBe-
(18 and charm mass correction. This is compared to thj?.w' we will rewrite theA_JRs in_terms of helicity amplitudes.
naive evaluation, neglecting masses and NLO correction Irst, howg\{er, we ccan |£nmced|ately tel from E_QM)_(lS)
where the Albright-Jarlskog relations are correct. At high enLhat the mixing off 73,F 4, F s} for My#0 will violate both
ergies, the target mass corrections are negligible. The mafRdS: (1) and (2). We will, therefore, restrict the following
effect is due to the charm mass threshold. At lower energiediscussion toMy=0. The charm mass will be retained to
the larger QCIX factor is compensated by the reduction in {face its(somewhat less obviousmpact on the AJRs. In
the cross section due to target mass and charm mass effed@'ms of helicity projections

In the theoretical evaluation of the N charged current

—ghg?
cross section, the scale dependence in the PDFsvaila Wo=e020W,, (A1)
large uncertainty at low energies. The parametrization of the o wvy mw

PDFs does not seem to be a large uncertainty in the evalua- Ws= (2589 T 2q20)Wpy (A2)

tion of the total cross section, especially when one applies

DIS cuts onW? and Q2. P g PP Wo=eqeqWo (A3)
Target mass corrections and the importance @t

<1 Ge\? are small at high energies, but they are significant

in the 10_.20 G'T:V energy range and Iower_, especially f_or th?\/ith polarization vectors in terms of virtu&l/ momentumq

Cross section W|thou_t kinematic cuts. Our implementation ofnd longitudinal reference vectir

target mass corrections neglects parton transverse momen-

Wo=ghsl*W,, (A4)

tum (pf). This approach makes the inclusion of NLO QCD 1
corrections straightforward, however, it neglects corrections g4 =— (0,51,—i,0) (transversg (A5)
of order M2/Q? induced by nonzer@? [31]. As a conse- V2
guence, one should view our target mass corrections as ap- ;
proximate. q

In any case, the DIS cross section in the energy region ©a- N (scalay (AB)
below E,~10—20 GeV is difficult to interpret. At best, the
uncut cross section is a crude approximation to the total (— @)kt + (k-q) g
cross section including resonant hadron production, Ag., eh= (longitudinal), (A7)
production. The cross section with cuts is likely a better rep- V(=ad)[(k-a)?]

resentation of the nonresonant neutrino-nucleon interactions,
however, the issue of avoiding double counting in combiningthe tensor basig_,
resonant and nonresonant interactions is not solved theoreti-

cally. Phenqmenologicgl apprqachgs are being explb@}:i F= 1(W++W_) (A8)
for applications tov,N interactions in the few GeV region 2

that may also be applied te,N interactions at higher ener-
gies. The universality oM2/Q? corrections, carried over
from copious electromagnetic interaction data to the context

scan be written as

)
Fo=5 (W, +W_+2Wo) (A9)
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1 variance holds to any order g while helicity conservation
F3= 5 (W —Wo) (A10)  breaks down when noncollinear NLO radiation generates an-
gular momentum. A transitioW*"s—c with 0=mg#m,,
1 however, is necessarily nondiagonal in flavor space and the
Fo= E(WO"_Wq_Ws) (A11) interaction cannot be abelianized. Thus, naive gauge invari-
ance does not hold and the second A2Ris not protected
1 from charm mass corrections. It will, however, hold at any
Fi=— (W, +W_+2Wy—W,). (A12)  order inag for massless quarks.
2 Worth mentioning also is thaE;=0 at O(ag) even for
the charm production process, indicating thi#+W,—W;
=0 at LO. This should be compared to the longitudinal
X structure functiorF,— 2xF;<W, which does not vanish by
FZ_ZXFEZZK‘FZ_ZX‘FEZXWS (A13)  helicity conservation in LO when a massive charm quark is
produced in the final state. NoW, is obtained from
singles out the interference teid; between scalar and lon-
gitudinal polarization. The latter involves a contraction with KEKY
eq>q”. Now, as Iong as we make the 5|_ngm bqson ex- Wo+Wg=Ws=——-W,,. (Al4)
change approximation, the DIS process is equivalent to an
effectively abelian(electroweak interactionif all quarks are
masslesgor of the same magsThen,F,—2xFs=0 is guar- At the parton levelk is theincomingparton momentunp.
anteed by naive gauge invariance undery—eg  F, does, therefore, not receive corrections from the final
—qg*/\—g?=0*. This is a stronger statement than helicity state charm mass in LO as long as initial state down and
conservation for massless spin-1/2 quarks because gauge Btrange masses are zegf € 0).

We then see that
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