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Neutrino-deuteron scattering in effective field theory at next-to-next-to-leading order
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We study the four channels associated with neutrino-deuteron breakup reactions at next-to-next-to-leading
order in effective field theory. We find that the total cross section is indeed converging for neutrino energies up
to 20 MeV, and thus our calculations can provide constraints on theoretical uncertainties for the Sudbury
Neutrino Observatory. We stress the importance of a direct experimental measurement to high precision in at
least one channel, in order to fix an axial two-body counterterm.
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I. INTRODUCTION cessful in providing for high-precision calculations for other
processes likenp—dy [27,28. This allows us to consider
Our understanding of electroweak processes on the deuext-to-next-to-leading ordédNNLO) corrections, and to in-
teron is reaching a critical juncture. The Sudbury Neutrinocorporate Coulomb effects cleanly, following the prescrip-
Observatory is taking data, and a thorough understanding dfon of Kong and Ravnddl29] with some generalization. As
neutrino-deuteron scattering is an important part of thea result, we present a complete set of calculations for all four
analysis in that experimefit,2]. Of further note, there is a eaction channels including the most importamt channel.
proposal for a high-precision measurement of the reactiof© Neéw parameters are introduced at this order, so it be-
ved—e pp in the ORLaND facility[3]. comes a stringent test _of the convergence of the calculation
Theorists have made a tremendous effort to understan{‘lnd thus on the thgoretlca_ll uncertainties. Furt_her, new poten-
— L . tial model calculations exigtLl2] and a comparison to those
V(.V)_d scattering in & potential model framewq[rk—l()], . is worthwhile, given that these new calculations yield differ-
with the most recent independent efforts agreeing within g, oqts at threshold to those in Ref0]. We continue to
few percent at low energyl 1,12. Given the ongoing experi-

tal int tin th forts b to st mphasize the importance of fixing the axial counterterm
mental interest in these processes, etiorts began 10 stu Mrough a direct experimental measurement. This has impli-

v(v)—d scattering in the language of effective field theory cations not only for neutrino-deuteron scattering, but also for
(EFT) [13] for neutrino energies below 20 MeV. The EFT pp—de" vo, NN—NNwv, and parity violatingé—d scat-
work employed the power-counting scheme of Kaplan, Savfering

age, and Wis¢14] and included pions. In working to next- '
to-leading ordefNLO), it was found in Ref[13] that theo-

retical uncertainties in the reactionsl—vnp, vd—vnp,

and;edﬂ e*nn were dominated by an unknown axial two- ~ We will briefly review nuclear effective field theory with-
body counterternt. 5. It was possible to find different val- out pions[19]. The dynamical degrees of freedom are nucle-
ues ofL,, which provided excellent fits to the potential ons and nonhadronic external currents. Massive hadronic ex-
model calculations of Ref$10,11]. Further, we found that Citations such as pions and the delta are treated as non-
the ratio of charged current to neutral curré@C/NC) cross ~ dynamical, point interactions whose effects are encoded in
sections was insensitive to this counterterm. This confirmedhe local operators in the Lagrangian. The nucleons are non-
the insensitivity to short-distance physics first discussed byelativistic but relativistic corrections are built in systemati-
Ref.[11]. However, it is not clear whether a power-counting cally. Nuclear interaction processes are calculated perturba-
scheme exists which would allow us to extend the theoryively with the small expansion parameter
with pions to higher ordef15-18, as would be required to
constrain our theoretical uncertainties. (/a,v,p.lal) R
In this work, we employ the theory without piof49] Q A
(see also earlier work4.4,20—-28) which has proven so suc-
which is the ratio of the light to heavy scales. The light
scales include the inverswave nucleon-nucleon scattering

Il. THE LAGRANGIAN
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nucleon center-of-mass frame, and the momentu.m transfel ihe ¢! 1S°’i)(n=0,1, ...) operators, SO thac! 150vpp)’
to the two nucleon systerg|. The heavy scale\ is set (s, np)z" (1s0.n1) . 2n

by the pion massn.. How each term in the Lagrangian Cp, ', andC, "™ are different. In both the’s; and
scales as powers @ can be found in Ref[19]. It is the S, channels, the strong coupling consta@ts, have renor-
nontrivial renormalization of the strong interaction operatorsmalization scale &) dependence. These parameters can be
makes the scaling different from a naive derivative expanfit to the effective range expansion, as detailed in RE9]

sion[14]. and as reviewed in Appendix A.
Relativistic corrections start to contribute to physical
A. The effective Lagrangian quantities at NNLO and have generic sizes{fp?/ mﬁ) of
The Lagrangian of an effective field theory for nucleonsthe leading-orde(LO) contribution (see Ref.[19] for ex-
can be described via amples. They are suppressed by an additional factor of
A?/mZ to other NNLO contributions, and thus we can ne-
L=Ly+ Lot -+, (2)  glect them as smalthis is verified numerically

where £, contains operators involving nucleons. Neglect-

ing for the moment the weak-interaction couplings, we have B. Weak interactions

D2 DS The effective Lagrangians for chargé@C) and neutral

L;=N"[iDy+ My 2My N, (3 current(NC) weak interactions are given by

whereN is the nucleon fieldMy is the nucleon mas®), cC_ _ & w1
; o ; L 143, +H.c., (6)
andD are covariant derivatives and tig term is the lead- V2
ing relativistic correction.

The two-nucleon Lagrangian needed for a calculation to

NNLO is G
F
LNC=— Engﬁ, @)
3s))
s cy™
L,=—CLS(NTPIN) T (NTPN) + 5 [(NTPN)
. .. . where thel , is the leptonic current and,, is the hadronic
X (NT(D*P;—2D-P;D+P;D*)N)+H.c] current. We have useGr=1.166x10 ° GeV 2. For v—d
C(Ssl) and v—d scattering,
~ —7g(N'[PB?+D?P,—2DP,DIN)'!
L. - N — 14 =vy(1—ys)e, |4=vy*(1—yg)v. 8
X (NT[P D2+ D2, — 2DP,DIN) — C, OV (NTR,N) PTryiloygle lz=ryi(loye)y ®
B ct'on B B , ,
X (NTP;N) + 2 [(NTPiN)T(NT(f)ZPi—Zf)Pif) Th_e hadronic cur'renFs can be decomposed into vector and
8 axial-vector contributions
c('So0)
D.R2 __4 TP.R2L 2P, _ B _ )
R e e e €)
—2DP;DIN)T(NT[P,D?+ D?P;— 2DP,DIN), (4)

Jo=—2sirf V5 +(1-2sirf ) Vo —AS—AS
where P; and P; are spin—isospin projectors for this;
channel and théS, channel, respectively,
where the superscripts represent isovector comportestts
1 Srepresenting isoscalar terjrend, later, the currents will be
Pi= ﬁffz(fi 72, TrP/P;=345;, labeled by the number of nucleons involved.
In a NNLO calculation, the electron masg, contribu-
(5 tions to the matrix elements are counted as higher d=igr-
ia . pressed by a factor ofn2/y?), such thatq,l*=0 up to
J8 2 NNLO. Similarly, if the neutrino massn,#0 but m?/y?
<1, then the massless neutrino treatment we have here is
where 7 matrices act on isospin indices amdmatrices on  still applicable. The nonrelativistic one-body currents are
the spin indices. We incorporate isospin symmetry breakingiven by

Pi= TrEiTEjzéﬁijr
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V(()l): INT(1+ 7N, and analogous vector contributions to the deuteron magnetic
properties, as described in Ref$9,14]
i o (V-V) o
A= — ENT(AS—Q‘M)TNN, ViP=eeiLi(NTPN)T(V;+ V) (NTP,N)
. L —2ieL,(NTP,N) (V,+ V) (NTP,N)+H.c. (17
V= Ity TV e 10
k 7o (1+7a) 2My (10 The parameterk; andL, can be fit fromnp—dy and the
deuteron magnetic moment, respectively, and are given by
Lhe 5i(V,+V)) L,=7.24 fnf andL,=—0.149 fnf at u=m_ [19].
X K(O)+ —+K(1)T €rii—=——N,
4Sir? By | 2My

. »(»)-D NEUTRAL CURRENT INELASTIC
SCATTERING

1
(€ P N _
Ak 7N (As=gata)ouN, For the inelastic scattering process

whereg,=1.26. Here we have neglected the nucleon vector v+d—rv+n+p, (19
and axial vector charge radius contributions. They only con-
tribute at NNLO with about the same size as the relativisticthe differential cross section can be written in terms of lep-
contributions due to the small momentum transfers beingonic and hadronic tensolg, andW,, as
considered here.

We use the notatiod s for the strange quark contribution d?o GZ|k'|

to the proton spin RPT 327 IK] Si([K'DI**W,,, (19
28,A5=(plsy,¥ss/P) A where w(w')=ko(k}) represent the initialfinal) neutrino

with the value[30] energies
As=-0.17+0.17, (12) Si(|k')=1 (20)

whereS, is the covariant spin vector(®) = %(Kp+ k) and  for NC processes. The leptonic tensor is given by
kM= %(Kp— k,) are the conventional isoscalar and isovec-

tor nucleon magnetic moments in nuclear magnetons, with [47=8(kHK” +K"k* —k-K'g“"+ie“"P7k k.). (21)
Kp=2.79285, k,=—1.91304. (13)  The hadronic tensor is the imaginary part of the forward
) ) matrix element of the time order product of two weak current
Ms is the strange magnetic moment of the prof8i] operators. It can be parametrized by six different structure
. ; functions
- T S(~2 S/ ~2 104,49
<p|S’}/lLS|p>:Up Fl(q )7M+F2(q ) 2MN upl 1 R
Wﬂvzglm[f d*x T(d(P)|JZ (x)JI%(0)|d(P))
n(@?)=Fi(q®)+F3(q?), (14
P.P, Peq®  q,d,
F3(0)=0, u=G}(0). = = Wig,,, + Wo 25— iWae 0+ Wy =5
Mg Mg Mg
In Ref.[32], the sample experiment found (PO, +q.P,)  (P,g,~0,P,)
< +Ws > +iWg > . (22
> (—0.1 GeV)=0.23+0.37+0.15+0.19 nm, (15) M3 2

extracted from the proton target experiment. However, thghere the momentum transfer, =k, —k/,. We can easily
) "

newest deuteron target measurement suggests that the ralige thawv,,Ws, andW; do not contribute to the differential
tive corrections to the axial form factor were underestimatedeross section becausg,|“’=0. In the laboratory frame
Thus the central value dBy(—0.1 GeV) could be 40% (deuteron rest framehe differential cross section simplifies
smaller[33]. Theoretical predictions fou itself range from g
—0.8 nm to 0.8 nm.

Finally, there are two-body currents relevant to this pro- d2o G,Z:w’|k’|
cess. As mentioned in RdflL3], there are axial contributions =

6 6
sl(||<'|)[2wl sin2§+W2 co§E

do'dQ 272
AP =L, A(NTP{N)(NTP,N) = 2i &1L o wre) 6
X(NTPiN)T(NTPjN)"FH.C., (16) -2 My W3S|r\2§}, (23
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@ @ W A. Leading order (LO)
The LO diagrams in Fig. 1 give
2 2 2 2 2
' I -4 +X( OX( WEP=[2(C{"+ ()R +(C — C{M)F o+ aciFE),

2 2 2 2
WR=[2(C + )R+ (O - )R,
y
Vi

(29

2 2
+ 30 +3C RS+ SCRTFL),

LO_
FIG. 1. Diagrams that contribute W, andW, at leading order. Ws™=0.
The crossed circles denote operators that create or annihilate twphe vector and axial-vector coupling coefficients are given
nucleons with the quantum numbers of the deuteron. The dark gragy
blobs arise from scattering corrections involving insertionCgf

operators of the appropriate channel, and from the Coulomb CS/O): —sir? Sy, Cﬁ,l)z 1(1-2sirf 9y),
Green’s functior(the light gray blob. The wavy line represents the (30)
Coulomb interaction, present only in tip final state. Solid lines CO=_1Ag Cc®= lg
represent nucleons, and the solid circles represent insertions of elec- A 2= A 2IA
troweak current operators. The structure and interaction effects are contained in
where thef is the angle betweek andk’ and we have used 2Myyp
the relation Fi=————5S:(p.la)),
m(pT+y°)
9’°=—-4oww’ sinzf. (24) 4Myyp
2 Fo=— 3 Ss(pla),
m(p*+ %)

- ) i 31
For vd— vnp scattering, the last terms on the right-hand (3D

1 3
sides of Eqs(21) and(23) change sign. F5°=—Im[Bo(p,|a))*AT3Y(p)],
Phase space for this reaction is defined by

FiC=F52(°s,— 'Sy).

AMy(v—B)—v?
Max —1,1- P <cos#<1 (29  The magnitude of the relative momentum between the final-
state nucleons isf2 with
and RE
p= \/MNv—yz—Z+ie, (32
0<w'<w—-2(My—MZ—9?), (26)

wheree=0". For the NC process,

where v=w—w’, My is the nucleon mass, an® o 5 o
(=2.2245 MeV is the deuteron binding energy. In the deu- a=(p=—v°)

teron rest frame, Se(pilah=1+ 2(p?+ %2’
Wo=Wpyo=Wo—Wq, q’(p%+39?)
Sg(p'|Q|):1_—6(p2+y2)2 , (33
W0i=0, (27)
Yy My q°
k Bo(p.la)=—\/5-7— (1— , )
WijE5ijW1_iW380ijkq_ 2myip 12y=ip)®

Mg
Note that we have further expanded ttye dependence in
The structure function can k@ expanded as powers ofg?/(p®+ %) in order to later obtain analytic re-
sults for the Coulomb contribution in thep channel. The
error introduced is numerically smalk(1% in total cross
section even though the neglected terms are formally LO.
The NN scattering amplitude has an expansion

W, =W+ WiLO+ WO 4. (28)

Now we give the expressions for the structure functions or-
der by order in the perturbative expansion. A=A_;+Agt+A+---, (39

035501-4
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2 4 £ [
FIG. 3. Diagrams at NLO that contribute W5. The light gray
circle represents an insertion of the nucleon magnetic moment op-
erator. Other features are as described in Fig. 1.
P> P )

FIG. 2. Diagrams at NLO that contribute W, and W,. 'Il'he W= ypaW1°+§ C(O) F3-0+4 C(l) Fi-0+Gyt0,
Eﬁnknzﬂu;f;fféjﬁ?Qe'gif”c'ﬁgn(:ﬁ%iemé'Zifgi B WIO— 2[2(COC CICH)F, + (O
foaurcs are as describedinFig 1 AT - CRC)F+ SCRICRRE+ SCRICRC),
where the subscripts denote the powers in the small expar\{\-lhere

sion paramete®: FALO— FLO( ACSD_ A(351))
-1 0 ’

_ (39)
Gsp oy 47 1 NLO_ Lo, A (*Sp)  A(*sp)
AP = My y+ip’ Fi=F (A—foﬁAoso)’
s and
Gspy, . 27 pa(P+¥°)
0 S N\2 2M 2 3
My (y+ip) GT"O=C§,°)2—di|m{\/—y )Aﬁ”(p)}.
a a
2,2 2\2
Gsy, T pa(P=+7vy°)
A = My
PN T ip)? GY10= —Em| \/3-Ba(p o (1A P (p)
wherepy=1.764 fm. Also, s 39
+4COT, A (p)).
@ So) —41r 1 _
AL (P) = My 1 Note thatG;°=G5°=0. Thel ,’s are renormalization scale
——+ip p-independent quantities defined as
a(So)
) T 4m(pn—7y)
(*Sp) 42 AT (*sy)
-2 r p MyC
(*S0)( 1y — 0 N™>o
Ay (p)= M, 1 2 (36)
+
205 TP X LlA—zwcgl)( Ne(so —d)
(n=7)?
(1) 4 (40)
A(lso)(p) 7 TP 5 ~
L My 1 _ ’ Loa=(m—7)2Lopa— 27CQpy. (41)
s P

1 1
The expressions fo@é %) and C(2 ) can be found in Ap-
pendix A. ThroughW;, we become sensitive to weak mag-

1
where the scattering lengt 23.7 fm is known to netism at NLO, with coupling coefficients given by

1
high accuracy while the effective rangés‘)’“p)=2.73 fm
has a 2% uncertainfid4]. This uncertainty is insignificantin =~ C{o)=—2 sirf 9y«x@—3us, C{'=(1—2 sirf 9 x®.
this calculation. (42)

B. Next-to-leading order (NLO) C. Next-to-next-to-leading order (NNLO)

At NLO, W, andW; receive contributions from diagrams  Finally, at NNLO, W, andW; receive contributions from
in Fig. 2 while W5 receives contributions from diagrams in diagrams in Figs. 4—6 whil&/; receives contributions from
Fig. 3: diagrams in Fig. 7.
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s GBXAR OB PO OSPH
PP PP o PO

FIG. 4. Diagrams at NNLO that contribute W, andW,. The FIG. 6. Diagrams at NNLO that contribute @/, and W,
black diamond represents an insertion of @goperator in the'S,  through mixed insertions of thé;, and L,, operators(white
channel, ancC, 3, C,_1, Co 4 in the 3S; channel. Other features circles andC, operatorgblack squares Other features are as de-

are as described in Fig. 1. scribed in Fig. 1.
WNNLO_ WNLo+4 (0)? FNNLO NNLO My y ~ ~
7P TR e GY0=—5im| \/5 Bo(pJaD[(CHoa+ CELap)
2
WIIINLO: yde?LO_i_ gc(AO) ngNLo C(l) FNNLO GIZ\INLO, . B 5 36
43 X AT (p) +4(CRToa+ CPL A (D)1
NNLO _ NLO _ /8 ~(0)~(0)=NLO _
Wy vpaW3 —2(3C Cy'F3 Note that G5°=G}-°=0. The Ly's are u independent
+iCcC(PFYO+GY0), quantities defined as
~ 8m(u—
where L= (“( S:)) (1—2 sir? 9u)MyLy
MnC,
3 3
I:r’;n\nLo: F'gO(A(jl)HA(l Sl)), a " pq
(44) - 7TC“) C o9 (46)
. . (M y)?
FZINLOZ Flio(A(,TO)—’A(l 50)),
Loy=—4sir 9y(u—y)?MyL,—27C0py.  (47)
GTNLOIGTLO(A(E?)_,AS’S:L)) At NNLO, we should mention the effects of other partial
waves, beyon@wave. TheP-waveNN rescattering does not
2 YMZp3 3s)) contribute at NNLO. Thé wave would contribute toV, at
+C(°) ———Im[A ] Y(p)1, NNLO, but this structure function does not contribute to the
27 cross section, so we can negldatwave initial and final
states, also.
NNLO_ sNLO (P81 A(PSD) A (*So) A (*S0) A summary of the expressions in both this and the next
Go =Gy (AL = A ALT =AY section, order by order, can be found in Appendix B.
2
Y - 1 ~ 3 _
im[(L2 A0 (p)+8L2,A (p))1], IV. »(»)-D CHARGED CURRENT INELASTIC
a SCATTERING
(45)

For CC processes, a few inputs change from their NC
M M values and there are effects of electron/positron mass to con-

sider. Forvd—e*nn, the sign of the last term of E¢23) is

PPOS PP > DS

FIG. 5. Diagrams at NNLO that contribute %/, and W,

through two insertiongblack squaresof the C, operator in the'S, FIG. 7. Diagrams at NNLO that contribute ¥/;. The filled
channel, andC, _,, Cyin the 83, channel. Other features are as circle represents an insertion of the two-body curreptor L,.
described in Fig. 1. Other features are as described in Figs. 1 and 2.
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TABLE |. Results for the neutral current cross sections, calculated to NNLO. The total cross section for
each channel is parametrized @) =a(E) + b(E)L 4.

v d—v,np (X=6,u,7) v d—vnp (X=6,u,7)

E (MeV) a (10 “2cn) b (10 %2 cnm?/fm®) a (10 *2 cm?) b (10 %2 crm?/fm3)
3 0.00315 0.000 035 0.00312 0.000 036
4 0.0287 0.000 34 0.0282 0.000 34
5 0.0885 0.0011 0.0865 0.0011
6 0.188 0.0024 0.182 0.0024
7 0.329 0.0044 0.318 0.0043
8 0.514 0.0070 0.49 0.0069
9 0.744 0.010 0.710 0.010
10 1.02 0.015 0.968 0.014
11 1.34 0.019 1.27 0.019
12 1.72 0.025 1.61 0.025
13 2.13 0.032 1.99 0.031
14 2.60 0.039 2.41 0.038
15 3.12 0.047 2.87 0.046
16 3.69 0.056 3.37 0.054
17 4.31 0.066 3.91 0.064
18 4.97 0.077 4.49 0.074
19 5.69 0.089 5.11 0.085
20 6.47 0.102 5.76 0.097

+.51,S,, S3, andBy in Egs.(19), (23), and(31) still take ~ where we usgV,q=0.975 for this CKM matrix element.
the same functional forms as for NC channels. The phas&he nn scattering amplitude still has the same form as Eq.
space is modified, due to the positron mass and the (36), as do Eqs(40) and (46), but with different effective

heutron-proton mass splittingm=m,—m,, to be range parameters. We have usgd®"W=—18.5 fm and
1
rf) So"_2 80 fm. Referenc§34] indicates the uncertainty
’ 2
Maxd — 1 — 4My(v—B—6m)— w’—w'?+mg —cosg<1 M al"Som s at the few percent level. It is important to note
’ 20\ w'?—m? ' that a 2% uncertainty ira(So"™ will change the v—d
, . (48)  breakup cross section at threshold by 3—4 %.
Me<0'<w—2(My—VM{—My(B+m)). For v,d—e ™ pp, electromagnetic corrections in the final

o . state are important. But instead of solving a three-body prob-
In principle, there are also electron mass corrections to Edem, we can factor out the Coulomb interaction between the

region will not be probed by SNO.

For the most part, however, the primary difference be- 277
tween the neutral current and charged current cases is the Sk )= —— (50)
fact that the charged current processes are purely isovector. 1-e 277
As a result, the charged current results can be obtained from
the neutral current structure factors with the substitutions: 200w’
Ne=—, ., - (51)
Vud k']
cP=o0, cP=—~r,
V2 This approximation is valid because the strength of a single-
photon exchange between two particles with relative velocity
c®=p Cgl):MgA v scales asx/v. The effect becomes sizable only when the
’ V2 7 photon exchange becomes nonperturbative, i.& . For
N an electron, this velocity corresponds to a wavelength much
C(hj,))=0, C(M)Z \/§|Vud|K(l)a longer than the size of the two proton system, thus (B6)
(49 s justified.
Lia— ‘/§L1A|VU"|’ L2=0, For the proton-proton electromagnetic interaction, the

Coulomb contribution is enhanced by a factor ob Hnd
dominates over other short-distance photon exchange pro-
v—v—m, cesses. We explicitly compute the long-distance Coulomb

(1—-2sirf 9y)L1—2|VygLy, L,=0,
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contribution and encode the short-distance photon effects _ 1 _
into the local operators which are then fit to the data. In this H(m)=y¢(in)+ 2in In(i 77) (59
way we naturally incorporate all the isospin symmetry break-

ing effects in the calculation, except for the unknown coun-yiw, y the logarithmic derivative of thE function. Note that

tertermL, , contribution. Since the.; , operator only en- (1S0.pP) : . . .
codes short-distance physics, the only contribution to isospir’?‘ in Eg. (54) is notthe full pp scattering amplitude. It

A s the pp scattering amplitude with the pure Coulomb phase
symmetry breaking is through hard photons, and thus the ; . .
effect is of~O(a) and thus negligible. The other symmetry shift removed, as discussed in Appendix A. We have used

1 1
breaking effects ot o will be estimated later. a(SPP=—782 fm andr{ ®*?=279 fm, Thesel are
For ved—e pp the sign of the last term of Ed23) is  nown to high accuracy. Furthermore, the values@§r™

negative (). The effects of the Coulomb interaction are (sy) )
encoded in theS's and B, as anijC2 usedlm Eqs(40) and(46) should be replaced by
02— 42— 27py) Céfol'pp) andC(zf'@z’pp) as discussed in Appendix A.
Sy(p.lah)=| 1+ ap Yy Py ) _ Finally, modifications to the pha;e space and parameters
2(p%+v?)? in Egs.(48) and(49) correspond to simply changing the sign
of 6m,

% ( 2”_”) edntanX(p/y),
e

271 om— — ém. (56)

2024 3724 6 We note again that the expressions from this section, and
_[q,_4 (p~+3y"+67py) 579  the previous one, are summarized in Appendix B.
Sy(p.lal) S (52

V. RESULTS
2 _
X ( Tnl) ghntan (/) A. Unknown parameters
e = . . . S
As discussed extensively in R¢fL3], contributions from
aMy As, ug, andL, 4 which are not well constrained are, in fact,

n= 2p negligible (<£1%) due to quasiorthogonality between initial
and final states in théS, channel. Thus, up to NNLO the
&k 8wy 2 27k tan” H(k/7) axial two—body counter ternh, » is the only unknown pa-
Bo(p, q|)=MNf 35 777; 5 K AR rameter contributing to each breakup channel. To estimate
(2m)° k4 y“ ek =1 p—k+ie the effect of isospin-symmetry breaking &n ,, we con-
A

sider how much_, o must vary in order foElA [defined in

2004 o 2\,2_ a2
97 (1= 2n)k”—6mky—3y") Eqg. (40)] to take on a universal value. This assumes that the

X1+

2 2\2 ! 1 1
129°+v9) symmetry breaking effects iﬁg o) , C(2 So) , andL, 5 are all
(53 comparable. The effect is-10% in the value oL, at u
=m,, for a natural value ok ; 5 given by dimensional analy-
_ aMy sis
Mk 2k

1 1
Finally, for thepp channel, Eq(36) must be replaced by |Lial=~ IV ﬁ~6 fmd. (57)
T (M;—y

(see Appendix A

(1S.pP) —4 1 This 10% uncertainty irL, , corresponds to a 1% uncer-
Al (p)= N 1 , tainty in the total cross sections. This means that we can treat
————+aMyH(7) the symmetry breaking effect dn, o as higher order, and
al"So-PP) that we can také , , to be the same in all four channels to
L the precision of this calculation.
_0 r So,pp)pz
A(lso,pp)( ): ™ 0 (54) .
0 P)=m N 2 B. Total cross sections
a(*So.pp) +aMyH(7) We are now able to present a systematic and convergent
picture of inelastic neutrino-deuteron scattering in all four
. o rélso,pp)szt channels: neutral current,(vy)d— vy (v )pn (EC) with x
A(l SO'pp)(p)ZM— 3, =e,u,7, and charged current,d—e pp and v,d—e*nn
§ ———+aMyH(7%) (CO). : :
a("So.pp) We parametrize the cross sections as
where a(E)=a(E)+b(E)Lya,
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TABLE II. Results for the charged current cross sections calculated to NNLO. The total cross section for
each channel is parametrized @) =a(E) + b(E)L 4.

ved—e pp ved—enn

E (MeV) a (10 “2 cn) b (10 %2 cnm?/fm®) a (10 *2 cm?) b (10 %2 crm?/fm3)

2 0.003 44 0.000 031

3 0.0439 0.000 44

4 0.146 0.0016

5 0.320 0.0036 0.0264 0.000 30
6 0.574 0.0067 0.110 0.0014
7 0.914 0.011 0.261 0.0034
8 1.34 0.017 0.482 0.0065
9 1.87 0.024 0.776 0.011
10 2.48 0.032 1.14 0.016
11 3.20 0.042 1.58 0.023
12 4.01 0.054 2.09 0.032
13 4.93 0.067 2.68 0.041
14 5.95 0.082 3.33 0.052
15 7.08 0.098 4.06 0.065
16 8.31 0.12 4.85 0.079
17 9.66 0.14 571 0.094
18 11.12 0.16 6.63 0.11
19 12.70 0.18 7.63 0.13
20 14.39 0.21 8.68 0.15

where the coupling constant of the axial two-body currentcontribution is of order 5—20 %, while the typical NNLO
Lia (with w=m_) is given in units of frd, and present the contribution is less than 5% and, better still, less than 3%
results in Tables | and Il. There are also terms quadratic irabove 5 MeV.
L1 at NNLO, but they are not significant for valueslof A clearer picture of convergence emerges if we decom-
considered here. We will neglect these quadratic terms.  pose the cross sections into a symmetric piece arising from
We have performed this calculation to NNLO largely to structure factors receiving contributions at all three orders
test the convergence of the calculation and, in turn, be able toy;, andW,), and an antisymmetric piece receiving contri-
place constraints on the theoretical uncertainties in the cahytions only at NLO and NNLOWs,). This is done for the
culation of v(v)—d breakup. In Fig. 8 we compare the size neutral current cross sections in Fig. 9, where we see a
of NLO and NNLO contributions to the cross sections cleaner separation between size of the NLO and NNLO con-
against the LO contribution. Given the uncertaintylLip, , tributions. From this we can expect, with some confidence,
we consider values-5 fm*<L; ,<5 fm®. The shaded areas that the NNNLO contribution will be less than 3%. This in
represent the range of NLO and NNLO contributions pos-+urn represents the formal theoretical uncertainty in our cal-
sible for these values df; 5. We see that the typical NLO culation.

0.1 0.1
0.05 bes| ——_NNMOLO
.05 . 5 10 15 20

0.1 o1 E (MeV)

. X =
-0.15 -0.15 e )

02 02 FIG. 8. Testing convergence of the EFT cal-
025 025 v,d —>epp culation in each of the four channels studied.

Shown are the relative NLO and NNLO contri-
butions to the total cross section in each channel,
for values ofL 5 between—5 fm* and +5 fm?.

0.1 " 0.1 Note thatr,(v,) represent®, u, or = neutrinos
005| . NNLO 0.05 ~nomo (antineutrinog
5 10 15 20 5 10 15 20
-0.05 .
E (MeV) b E (MeV)
0.1 0.1
NLO/LO

-0.15 -0.15 NLO/LO

0.2 o 0.2 =
025 v d=>vnp -0.25 %d s
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0.10 0.10

0.05 ———— NNLO/LO 0.05 LD
5 10 15 20 E MeV)
-0.05 -0.05
-0.10 NLO/LO -0.10
-0.15 -0.15
-0.20

-0.20
-0.25

o_ _ +0c e _ -0
025! WP wdovw Rd>ymp  yd-sym
FIG. 9. A further test of the convergence of the EFT calculation, using the NC channel. The left-hand graph arises from comparing
contributions from the sum of thed and vd channels, or specifically the contributions frékfy andW, which received contributions from
all three orders of perturbation theory. The right-hand graph looks at the difference between the two channels, or specifically the contribu-
tions fromW; which appear at NLO and NNLO only. As in Fig 8, the shaded areas represent the effect of \gryingtween—5 fm® and
+5 fmd.

We compare our results to those of the potential modetuite impressive—better than 1% over the whole range of
calculations NSGK 12] and YHH[11] in Fig. 10. We per- neutrino energies studied. For comparison, we note the ef-
form a global fit of our results to these model calculationsfective range parameters used here and those calculated from
with L, 5 as the only free parameter. We find that the best fithe potential used in NSGK35] (using the Argonnev g
to NSGK is given byL}3°K=5.6 fit, and for YHHL}%"  potential[36], but with only Coulomb electromagnetic inter-
=0.94 fr’. These values are both consistent with the naturafctionsg in Table II.
value ofL, 5 estimated in Eq(57) and the quality of the fit Of importance to SNO is the ratio between charged and
is impressive. This indicates the 5-10 % difference in twoneutral current cross sections
potential model calculations is largely due to different as-
sumptions made about short distance physics. oce

We further examine the ratios of our cross sections to the R= U_NC (58)
potential model results of NSGK and YHH in Figs. 11 and

i iati 0,
12, respectively. We see that there are deviations of order 5 /Rs shown in Ref[13], this ratioR at NLO was insensitive to

betv_veen our resul_t and YHH in all four chanr_wels. The fluc-tqe value ofL, 5, and that is still true at NNLO as seen in
tuations seen are in the results of YHH, and disagreements 5. 13. We consider two ratios. for both the-d (relevant

threshold are most likely due to differences in the effective g- 1o = !
range parameters that can be associated with each calcuf®-SNO andv—d channels. The latter was the only channel

tion. However, the agreement between our result at NSGK igiscussed in Ref13]. Variations ofL; 5 over a large range,
from —20 to +40 fm?, leads to a 6% variation iR This

vd—epp o O likely represents an extreme variation, as it leads to as much
8 vil-svn as a 90% change in the total cross sections. The actual un-
7 & vd-vnp certainty inR is almost certainly much less. Further, we can
(107 cm?) 4 see that our values d® agree well with the potential model
. 125, - + yd—epp
(o e d—
5 10 15 20 Yerr . 115 n vd-vnp
O nsek

Ev) (MeV)

vd—epp vd-e'nn ’
- vd-vnp
vd-vnp
(107 cnt)
1;‘22 4 yd-enn
O-EFT 115 L] 7d—>7np
2™ O nsex .

5 10 15 20
Evi) (MeV)

o o

N

FIG. 10. Inelastic/(v)d cross sections as a function of incident ' Es(MeV)

v(v) energy. The solid curves in the upper graph are N§GXK,

while the dashed curves are the EFT results at NNLO, fit with FIG. 11. Ratios between the EFT calculation at NNLO and the
L, 4=5.6 fP. The solid curves in the lower graph are the results ofpotential model result of NSGK12]. The upper graph compares
YHH [11], and the dashed curves are the NNLO EFT results fitthe two channels of—d scattering, and the lower graph the two
with L; ,=0.94 fi?. In both graphs, the dashed curves all lie right channels ofv—d scattering. Agreement is better than 1% over the
on top of the solid curves. whole range of energies shown, for a single valué pf=5.6 frr.
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1.25 + vd—epp 4
Ozrr 12 s vd-vnp 3.g
1.15 -
O vun 1.1 Rva 25
1.05 . g
1
Ev(MeV) 6 8 10 12 14 16 18 20
Ev(MeV)
1.25 A vd-enn
G \ Sy

L Y
0.95\ 4"6 g 10 12 14 16 18 20
Es(MeV)
FIG. 12. As in Fig. 11, but comparing to the potential model 6 8 10 12 14 16 18 20

result of YHH [11]. The agreement is not as good here, using a E—(MeV)
best-fit value ofL, ,=0.94 fn?. Y

lts(Eiq. 1 ith th t t bei h FIG. 13. CC to NC cross-section ratios ferd and v—d scat-
results(Fig. 14, wi € worst agreement being seen w entering, as functions of incident energy. Shown are ratios of the EFT

comparing to YHH. We use a median valuelgfa=3.7 f® | 0 results withLy o= —20 fm® (dashed curvgsand L, ,=40

for this comparison. The poor agreement with YHH is biasedi3 (solid curves, demonstrating the insensitivity of the ratio to the
towards threshold, and the likely reasons for this have alyge OfLya.

ready been discussed.

results of a new potential model calculatigdSGK) and T.
VI. SUMMARY AND CONCLUSIONS Sato for providing information on that calculation’s effective
We have performed a calculation to NNLO of all four "@nge parameters. We thank the Department of Physics at the
University of Washington where this work was initiated, the
Institute for Nuclear Theory at the University of Washington

fitting of a single unknown counterter, 5. Working at Sor its hospitality, and the U.S. Department of Energy for

. .. partial support during the completion of this work. J.-W.C. is
NNLO has allowed us to determine that our calculation in supported, in part, by the Department of Energy under Grant

deed converges at the neutrino energies of interest, which No. DOE/ER/40762-213. M.B. and X K. are supported b
turn allows us to determine a formal theoretical uncertainty i . bp y

of 3% in our calculation. The only outstanding issue Comin_grants_from the Natural Sciences and Engineering Research
N Council of Canada.
ues to be the determination bf 5.
It is imperative that an experimental determination of this
counterterm be made. The theory without pions cannot reach APPENDIX A: FITTING THE PARAMETERS
energies that \_/vould allow this to b.e done with sample, but a OF EEFECTIVE FIELD THEORY
breakthrough in the treatment of pions at NNLO might make
access possible in the full theory. For now, ORLaND offers Here, we summarize the fits to parameters in the theory
the best hope, with plans for a high-precision measuremenwithout pions.
in the v—d CC channel.

channels ofvd and vd breakup. Our work agrees very well
with the latest potential model calculations, subject to th

1. The 3S; channel
ACKNOWLEDGMENTS

) ) In the 3S; channel, we use the effective range expansion
We would like to thank Martin Savage, Tom Cohen, Johnahout the deuteron pole. Thus,

Beacom, and Hamish Robertson for useful discussions. We
would like to thank K. Kubodera for providing us with the pcotdo=— v+ 1pg(p>+yH)+---. (A1)

TABLE lll. Effective range parameters as used in our work and N§GX.

1 1 1
a'fP (m) ¢ Py amdm) ) @ m) 2 m) e (M)

0 0 0
This work —7.82 2.79 —18.5 2.80 —23.7 2.73 1.764
NSGK —7.815 2.78 —18.5 2.83 —23.73 2.69 1.767
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RET 125 R | R
1.2 NSGK YHH

R’vvflGK 1.15 Rva Rva

& 1.1

EFT

RiZ 105 6 8 1012 14 16 18 20

R FEREAB AN AN

E;(MeV)

FIG. 14. The “ratio of ratios” between the EFT results at
NNLO and those of NSGK12] and YHH [11], with the EFT
results using a median value &af ,=3.7 fnf. The upper graph
compares the ratios for—d scattering, and the lower graph the

ratios for v—d scattering. Again, the agreement with NSGK is ex-

cellent.

To keep the deuteron pole position unchanged at each ord

PHYSICAL REVIEW C 63 035501

2 4
ngsl)z__ PaY
' M (u—17)3
(A5)
C(ZSS%)Zz_W Pd ,
72 My (u—-y)?

cCsy__ 2 _paY’

2t M (u—9)%
2

Cgssé):—— pd ,

' Mn (n—17)3

where we have neglected relativistic corrections.

2. The 1S, channel

We will deal with thepp channel separately in the next
section. For thenp andnn channels, the procedure is some-

gvrhat simpler. The effective range expansion is given by

in perturbation theory, we expand 1 1
pcotdy=— -+ Erop2+--- ) (AB)
(®s)_ (%), ~(%s) (%)
Co M=Co 1 +Coo +Co A,
Here, one obtains
(s _ ~C3sp), ~CPs)
C, V=C, W+C, P+, (A2)
(1s0) — 41 1
3 3 ]
clW=c{ V..., 0 My 1
’ NEES)
where the first index continues to denote the momentum de-
pendence while the second index indicates the explicit power (1)
cognting in _theQ expansion. Using the definition of the scat- c! Isy) _ 2_77 o (A7)
tering amplitude 2 My 1 2
4m 1 NS
“ My pcotd,—ip (A3)
1 T rf)lsO)z
along with the amplitude computed using the power diver- Cf1 Sol— IV 3.
gent subtractiofPDS scheme proposed by KSY14] N — 1
(*so)
a

1

Agre= (A4)

é-i-';/l—:(uﬂp) 3. The 'S, pp channel

In this section we show how we fix thpp scattering
parameters to phase shift data through matching on to effec-
tive range expansion.

The Swave pp scattering amplitude can be decomposed
into

3
with C=3C! SVp2".
Matching terms order by order in @ expansion, one
obtains

A:Ac+Asc, (A8)

(3sp_ 47 1
071 My (p=v)’

where A¢ is the pure Coulomb interaction amplitude with
2 strong interaction “turned off” andAsc is the remaining
part with both strong and Coulomb interactions. Phase shifts
6 and 6 are defined by

C
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e 4ar 201
T My 2ip

(A9)
47 -1
My 2P
Then
A e2i50

~ My p(cotdse—i)
(A10)

where 6sc=6—6c. The effective range expansion states

PHYSICAL REVIEW C 63 035501

1 1
a(pp)ﬁa(pp)s’ P—pe,

(PP r (PP (PP (o),

(A15)
aMy—aMye, p—pue,
H(n)—H(7n), Jo—Joee.

The assignment of powers ia reflects the powers iQ
scaling of those parameters. For exampla(PF) andp scale

like Q, aM scales likeQ? while |H(7)|<p/(aM,) scales
like £°. TheC{PP can be represented in a manner analogous
to that shown in theé’'S; channel[19]

CipPI= ClpPo -+ CBP+ e+

that
CPP=CPPe=24+CPPe 14 .., (A16)
1 (PP) — c(PP) =34 . ..
p(cotb‘sc—i):( _m+§r(()pp)p2+v(pp)p4+... C4 C4,—38 + '
a .
Then from Eqs(A10)—(A12) we obtain
—aMyH(7), (A11)
41 1
cPp) — __—
. . . 0-1 1 \/— 3
wherev PP is the shape parameter. This expansion is related N gy (In'u 7T+ 1-2y )
to Agc/e?%c which can be thought of as thep scattering (o M N aMy 2’E
amplitude with the pure Coulomb phase shift removed. The (A17)
sum of the diagrams gives
and
2
ASC 1 aMNIU‘YO 2
=A(1SPP)= __— (Pp) — (Pp)
eZiﬁc_A %0 - 1 ’ (AlZ) CO,O 8 0,—1°
c
2\M2 2 (PP
C(pp)zwo_cmm3 C(pp):mr(pp)c(pp)2
where 0,1 64 0,—-1° 2,-2 8 0 0,—1~°
3 . (pp)? 2
® C(zpp)l:MCgpp)f ciPr,= M rPP PRy
- 327 ! T° 642 L
— (PP) (2 — n
C yr C2n (p aMNM) (A13) (A18)
The solutions of parameters fan andnp('S given in the
and preceding section can be obtained by takirg O from the
above expressions.
M M3
Jg= SN[ Ny §7E _ My aMy H( ) APPENDIX B: SUMMARY OF SCATTERING
4m | aMy 2 4w Am CROSS SECTION
(A14)

with the Euler’'s constanyg=0.577. In Eq.(A14), a four-
dimensional poleaMﬁ,/(477(4—d)), along with the three-
dimensional pole, are subtracted fragusing the PDS pre-
scription.

It is convenient to insert the expansion parameténto
Egs. (A10)—-(Al12) to keep track of theQ expansion. Then
the effective field theory paramete@éﬂp) can be solved by
matching the effective range expansion order by ordet.in
The insertion ofe is done by the transformation

In this appendix, we explicitly list the relevant formulas

for the fourv(v)d breakup processes. To make the formulas
compact, certain higher order terms have been resummed.
The Q-expansion expressions to NNLO shown in the text
can always be recovered by expanding ito O(e?). Heree

is just a device to keep track of th@ expansion—its value
should be set to 1 after the expansion is performed.

1. v+d—r+n+p and v+d—r+n+p
Differential cross section
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d’c  GRw'[K'|f 6 0
= 2W, sir? =+ W, cog =
do'dQ  2m2 |7 7T 2 22
(ot e") .0
+2M—dW3 SII’IZE ) (Bl)

with —(+) sign for thev(?)d scattering.
Phase space

AMy(v—B)—v?

20’

O<ow'<=0—-2(My—VM3i— .

Max| —1,1— <Cosf=<1,

(B2)

Structure functiongas mentioned above, one can obtain

the NNLO results by expandingto O(e?)]

2
W= 2(C+ @’ )F1+3(C(0) -CIF,
8 4
+ZCFat 2CUF, 4Gy,
L 0?4 c(1)? (0?_ (1)
W,=W; + m[z(cv +Cy)F1+(Cy7 —Cy7)
(B3)
X Fy+4CQOF3+ Gy,
W= (1_6—79) 2(cOcO+cOcH)F, + (C(0>C(0>

8 4
—CRICI)F o+ 3 CRICHFs+ 5 CRICHF4+ G,

CP)=—sir 9y, CP=3(1-2sirf ),

C'=—3As, CP=}ga, (B4)

CW=—2sif dyx@—2us, CI=(1-2sir? dy)x®.

_ 2Myyp [ @(PP-)
a(p?+ 27\ " 2(pP+ )’
2/12 2

_ AMyyp | _q<p+3y)> ©s
a(PP+y2)?\ " 6(pP+ )2

1 3 3 2
F3:;|m[Boz(A(,f1)(p) + €Ay V(p)+ €A (p))],

Fs=F3(3S;— 'Sp.np),

B—_ ] M
0 27 y—ip

q2

12y—ip)?

) : (B6)
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2
p= \/MNv—yz—qZ-l—ie, (B7)

2y 3 3
—iml \[Bo(ATY (p) + ey Sﬂ(p))},
Y ~ 1
V5Bl CELAAL ™ ()

1 —~ 3 3
+ €A™ () +4COTH A (AT (p) + €A Sl’(p))]}

N
Gz=—e—2Im
3

2

+e ACS (o)1,

Im[(L AA( 2" () +8L2,

(B8)
MN ’y ~ ~
Gszfzﬁlm[ \/ 5, Bo(P|aDL(CILia+ CRL 1)
1 ~ ~
x AU (p) + 4(CT o p+ COL )AL Sﬂ(p)]]

~ _ Ar(p—y)

= — Ll’A—ZWC,(Al)
MNCE) Sp.np)

Ll,A_

My

2m ’ (B9)

C( So.np) , __ Pd 2)
(v=7)

|—2A (L—7)Loa— 2mC{py.

~ _ 8m(p—y)

Liy=———1——| (1—-2sirf 9y)MyL,
MNC((;SD‘””)

N (is,, Pd
—7C{y —c(ZSO”p)+—2) , (B10)

2 (=)

|—2M:_4S'nzﬂw(,uv ¥)*MyLo— 27TCM Pd>

1
evaluated atu=m_, with Cg S _ _356 fi and

1
c! 0" =655 fnf. Further,As=—0.17 andus=L,,=0
are used in our calculatiofthough the results are not sensi-
tive to these choicgs

2. v+d—et+n+n
Differential cross section

d?c  Giw'|K'| 6 6
= 2W, sirf =+ W, co€ =
do'dQ) 272 P2 T2
(o+w") .0
+2M—dw3sm2§ , (B11)
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Phase space

LM n(v—B+m,—m,) — w’— w2+ m;
' Zw\/w'z—mez

=Cosf=1,

Max —

(B12)

Me<0'<w—2(My— VM{—My(B—m,+m,)).

Structure functions

1 .0 4 .5
Wy =————| 2C°F, — ZCO°F,+ - COF,+ G, |,
1 (1_€,ypd) A 1 3 A 2 3 A 4 2
Wo=W,+ ———[2C°F,— CV°F,),
2 1 (1_6')’Pd)[ v o1 v’ Fa2l
(B13)
— 1
Wy=———|2CC{PF, ——CHC(HF
3 (1_57Pd) A M 1 3 A M 2
e, o
3 A M 4 3|
q2
p=\/MN(v+mn—mp)—72—Z+ie, (B14)
|Vud| |Vud|
C(1)=—, cWH— , cWH=2|v K(l),
v \/5 A \/EQA M \/—| udl
(B15)
_ My [ @)
l_ 1
a(pP+92)2\ T 2(p?+ 922
_ AMyyp [ dA(p?+39)
2= 2. 22|~ 2. .22 | (B16)
a(p?+92%\ " 6(p*+ )
E _il B 2 A(lSOvnn) 4 A(lso,nn)
4—7Tm[ o (AL (P) T €A, (p)
1
+ AT (p))],
My [V o~ aCSounn)
GZ=—eﬁlm EBOCSQLM(Al (p)
(1o ) MRY o s
+eA, 0 (p))|te 967T4|m[L1AA71‘ (P1,

(B17)

y -
\ ZBo(C(Ml)LlA

~ 1
+ C,(Al)Ll,M)A(_fo'nn)(p)} :

N
Gg=€’—Im
3
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~ Am(pu—"y)

IAS T e o V2|V dlia
MyC{ %o ’

—2xC{)

My Gsom , _ Pa
27 2 — )2
(m=v)

(B18)
~ ~ 8m(u—y)

=~ ——1——| V2|V MyLy
M yC§ S !

1
_chvl)

MNC(lso,nn)_’_ Pd
27 2 — )2
(=)

1
evaluated atu=m_, with Cf) SoMM__349 fn? and
1
c! %" =646 fnf.

3. v,+d—e +p+p
Differential cross section

d?c  G2w'|k’ 27 6
Grl2mme oy e
do’ dQ 2mw2  1—e 27 2
0 (w+w') 0
+W, cof=—2———W. sinz—},
2¥> 2 Mg °°0 2
(B19)
2w’
Ne=7,
K|

Phase space

AMy(v—B+ mn—mp)—wz—w'z-i- mg

Zw\/w’z—mg

Max| —1,—

<cosf=<1, (B20)

Me<o'<w—2(My—M{—My(B—m,+m,)).

Structure functions

1 4
2C0F1—5CFot 2 CUFa+ Gy,

W -
L (1-€ypg)

1 2 2
W,=W,+ ——[2CVF, —cDF.],
=W, —eypd)[ v’ F1—Cy’ F]

(1
(B21)

1
2cg1>c§A1>Fl—§cgl>c§Al>F2

W —_
3 (1-eypy)

4
+ §cg1)c(M1)F4+ Gs
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_ 2Myyp |
" mp? )2

. 9*(p®—y*—27py)
2(p*+9%)?
2wy

62777]_ 1

) e477 tan_l(p/y),

4Myy p (1_q2(|02+372+677|07))

w(p?+7%)?\ 6(p°+7)>
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