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Radiative corrections in neutrino-deuterium scattering
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The radiative corrections for neutrino-deuterium scattering are computed for the charged-@@erg-
action, v.+d—p+p+e~, and for the neutral-curredNC) reaction,v,+d—p+n+v,. Nonrelativistic ki-
nematics are used for the hadrons, which considerably simplifies the calculations. The impact radiative cor-
rections have on the observables to be detected in the Sudbury Neutrino Obse(SBtOy\are discussed and
for most observables is found to be negligible. Only in the case where the internal bremsstrahlung photons
emitted in the reactiom,+d—p+p+e~ + y are detected, is the expectation for the ratio of the number of CC
to the number of NC events seen in SNO shifted by about one standard de\i&0&56-28188)00508-1

PACS numbgs): 25.30.Pt, 13.15:9, 26.65+t, 96.60.Jw

I. INTRODUCTION total decay rate is typically at the few percent level. Indeed,

. R in considering the energy dependence of the electron spec-
The Sudpury Neutrino Obsgrvato@NO) [1] \.N'” qtmze trum and the SNO observables, we find radiative corrections
the interaction ofB solar neutrinos with deuterium in heavy

water to measure the total neutral-curréd€) cross section havg a negligible impact on th_e shape test _and an almost
in the reaction negligible 0.5% effect on the raticc/Nyc. This analysis, _
however, assumes the internal bremsstrahlung photon emit-
ted in the charge-current reaction, E@), has not been de-
tected. In principle, the SNO detector can measure these
i bremsstrahlung photons. If we make a very schematic as-
Also to be measured is the charged-curd) cross sec-  gymption that the efficiency of photon detection equals the
tion in the reaction efficiency of electron detection, then the analysis simplifies
significantly and we find that the impact of radiative correc-
vetd—p+pt+e . (2)  tions on theNgc/Nyc observable is increased to a 3.7%
effect. If, for example, the error that has been assigned to the
Since the NC reaction is independent of neutrino flavor, theN /Ny observable from such causes as counting statistics,
ratio of the number of charged-current to neutral-currentuncertainties in the neutrino spectrum, and the energy reso-
events,Ncc/Nyc, will be a powerful indicator of the pres- |ution and absolute energy calibration of the SNO detector
ence of neutrino oscillations. A measurement of this ratio isepresents one standard deviation, then the change in this
a primary goal for the SNO experiment. A secondary experiobservable caused by the inclusion of radiative corrections is
ment that could provide an independent check is to measufeund to be about one standard deviation. This is not suffi-
the shape of the recoil spectrum in the CC reaction. A discient to spoil the discriminatory test that could, for example,
tortion in the electron spectrum from that expected in standistinguish between neutrino oscillations and no neutrino os-
dard weak-interaction theory could also suggest neutrino oszillations in theNcc/Nyc observable. However, it is suffi-
cillations. The likely measured signals are the first momentgient that if an analysis were to be inverted, namely, the SNO
(Te), and possibly the second momefiTz), of the recoil  observable was used to determine the parameters of a
electron’s kinetic energy, where the averages are taken overeutrino-oscillation scenario, then the value of the param-
the electron spectrum for a detection threshold sef,gt  eters will depend on whether radiative corrections have been
=5 MeV. considered or not. So photon detection with the SNO detec-
Bahcall, Krastev, and Lidi2,3] have given values for the tor may become an interesting issue.
SNO observablegT,), (T2), andNcc/Nyc for the standard
solar model with no neutrino oscillations, and for a number Il. BASIC REACTION RATES
of cases representing various neutrino-oscillation scenarios.
The shift in SNO observables with each scenario is a mea- We start by evaluating the cross-section for the CC reac-
sure of the discriminatory ability of the SNO detector to tion, Eg. (2). In the lab frame of reference the following

vytd—p+n+u,. (1)

uncover new physics. four-vectors are definet:
In the analysis so far the role that radiative corrections ) o
might have on the cross sections of Ef8.and(2) has not Pa= (0.iM g) =initial four-momentum of deuteron,

been considered. However, one might expect it to be reason-
ably small. In weak-interaction studies, the correction to the
We use the Pauli metric defined in De Wit and Sniit in
which a four-vector is written a\,=(A,iAy) with imaginary
*Present address: Department of Physics, Queen's Universitfpurth component, and a scalar product AsB=A,B,=A B
Kingston, Ontario, Canada K7L 3N6. —AyByg.
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p,=(p, iE,)=initial four-momentum of neutrino, where p=|p|, and A is the mass differenceA=My
_ . —2M,. The energy delta function is now used to integrate
p1=(p1,iE1) =final four-momentum overd(p?), and if no attempt is made to measure the elec-
of one of the protons, tron’s angular distribution then integrating oy yields the

. . required expression for the differential cross section
p>=(p,,iE,)=final four-momentum of the other proton, g P

dO’CC GZ

Pe=(Pe,iE) =final four-momentum of the electron. i, = ﬁvﬁdgf_\M LM (A+E,—Eg) Y%pEd1|2
The differential cross-section is 7
1 d3p,d3p,d3p It should be stressed that the use of nonrelativistic approxi-
Occ= 5f 17 For e o mations for the nucleons and the ability to use the energy
(2m)5) 32MJE,E EoE, delta function to effect thal(p?) integration constitute a

S DAt D — D D 3 great simplification. Normally _in three—body final-statg—z kine—
(PatPy=P1~ P2~ Pe), 3 matics, the energy delta function imposes awkward limits on
the other integration variables that are cumbersome for sub-
sequent algebraic work. Naturally, we will use these simpli-
fications in deriving expressions for the radiative corrections.
Equation(7) has been derived by Kelly andbdrall [5],
and by Ellis and Bahcall6], who with the effective-range
theory to evaluate the radial integrals, were the first to esti-
|:f U, (r)ug(r)dr. 4) mate the cross section for the absorption of s@Bmeutri—
P nos in deuterium. The expression, however, is not exact.
First, trivially, the expression should be multiplied by the
Hereuy(r)/r is the radial wave function for an S-state deu- Fermi function,F(2,E,), to account for the Coulomb inter-
teron, u,p(r)/r is the radial function of relative motion for action between the two protons and the electron in the final
the two emerging protons, is the electron-neutrino angular state. Second, the restriction to S-state deuteron wave func-
correlation coefficient §=—1/3 for a pure Gamow-Teller tions should be relaxed and more realistic wave functions
transition), y is the cosine of the angle between the electrorysed. Third, the allowed approximation of beta decay should
and neutrino directions, ar@ the weak interaction coupling be extended to include higher multipoles; and fourth, meson-
constant determined from muon decay. It is assumed that isxchange currents should be included. All these improve-
the initial state all the deuterium is in thtS state and then ments have been implemented by Kubodera and co-workers
the only allowed transition is to th&S diproton state and the [7,8], and by Ying, Haxton, and Henle®,10] as summa-
transition, being T—0%, is pure Gamow-Teller. Thus the rized by Kubodera and Nozawa1]. For our final numerical
expression for the cross section explicitly displays the axialwork we will use the computer code of Bahcall and L[2]
vector coupling constang,=1.26); V4 is the Kobayashi- for the calculation of the neutrino-deuterium cross sections.
Maskawa mixing matrix elemend,4=0.975). It is conve- Following a similar analysis, the differential cross-section
nient to introduce relative and center-of-mass coordinatedor the neutral-current reaction, E€L), is
P=p;+p,, p=3(p;—p,) and use the three-momentum

whereT is the square of th&-matrix element, averaged over
initial spins and summed over final spins

T=32G?V}gaMdE E1E-E[1[*(1+ay),

art of the delta function to integrate ové?P: doye 1 G? , ) ‘20
P J o= 7 5 0AMIM (A +E,—E)VEA1[2,
dE, 4 4x
8
doce=GVEgE —— [ dpand(1-+ay ©
(2m) whereE;, is the energy of the final-state neutrifio the lab
X S(My+E,—E;—E,—Eg). (5)  system, |’ the radial integral for the overlap of the relative

proton-neutron'S scattering function with &S-state deu-
Since only neutrino energies less than 15 MeV are considteron function, andA’=My—M—M,, with M, the neu-
ered, it is adequate to treat the nucleons nonrelativisticallyron mass.
and write the protons’ energies &s=M,+p%/(2M,), E;
=M, +p3/(2M,), whereM, is the proton mass. Thef,; lll. RADIATIVE CORRECTIONS

+E, becomes ™M+ (p*+ 2P%)/M,. We will assume that Radiative corrections to the electron spectrum from al-
the center of mass of the diproton is essentially at rest, |owed beta decay have been considered in a number of pa-
=0, the no-recoil approximation frequently used in beta-pers[12—1§. In obtaining the corrections, integrations are
decay studies. Choosing the quantization axis along the dearried out over the allowed neutrino and photon energies
rection of the incident neutrino and integrating over theand the results exhibited as a differential spectrum in the
angles of the protons and the polar angles of the electroglectron energy. Essentially the same analysis follows for
gives neutrino absorption reactions. The contributions to the radia-
tive corrections have two components: the emission of real
1 f d(p?)p.EdE.dy|l|2 photons(internal bremsstrahlungand virtual radiative cor-
(2m)3 POLP™)PetelEedy rections due, for example, to the exchange of photons be-
tween charged particles. We discuss each in turn. However,
X(1l+ay)s(A+E,—E.— plep), (6) the results cannot be evaluated separately. This is because

docc=G?Vi0a
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P\P AN AN AN e T7=32G2e?V2 gaAMyE,E{E,E |1 |2
X[ Ex . Eet+Ey Bz(l—szzlEE)]
d Ve d Ve d Ve d e Eg(Ek_ﬁQX) Ee (Ek_BQX)Z

(11)

FIG. 1. Feynman diagrams for the emission of bremsstrahlung
photons from charged particles present in the initial or final state.

As explained in the text, only bremsstrahlung from electrons will beWith 8= pe/E,. This simple result is possible because of the
computed. nonrelativistic approximation used for the nucleon kinemat-

ics and of the ability to use the energy delta function to
bjlltﬂtegrate overd(p?). Contrast this with, for example, the
very complicated resultl9—-23 obtained for the bremsstrah-
lung correction in neutrino-electron scattering. We define the
radiative correction to be

the bremsstrahlung graphs yield an infrared divergence th
is exactly canceled by the virtual graphs.

A. Bremsstrahlung graphs in the CC reaction

Each of the external charged particles can emit brems- docc dUéC_ d‘TCC[lJr a (E..E.) (12)
strahlung photons, as shown in Fig. 1, and it is the sum of dE, dE, dEg| 7 JolEe By

these graphs that make up a gauge-invariant set. However,

the contributions from the nucleon bremsstrahlung graphgng

are much smaller than the contribution from electron brems-

strahlung. This is because the magnitude of the graph is 1 Qo
largely determined by the energy denominator in the propa- gb(Eeva):f dxf Q%dQ
gator for the internal fermion line. For nucleon bremsstrah- -1 0

lung this denominator isp— k)2+M§= —2p-k=—-2p-Q |

A+E,—E.—EJY1
A+E,—E, [

B
E2(Ex— BQX)
ﬂ2<1—Q2x2/Ei>]

+2E,E=2M ,Ey, in the nonrelativistic approximation for

a nucleon in whictp=0. Here the four-vector for the photon
momentum is writterk=(Q,iE). For electron bremsstrah-
lung, the denominator is-2p.-k=2E.E,(1— Bx), where
B=p./Ee andx the cosine of the angle between the electron
and photon directions. Thus the ratio of the nucleon and
electron bremsstrahlung graphs is of the ofggtM ;. Since . '
the average electron egegrgypin the present %vforlg is around Yhere « is the fine-structure constant=e?/(4m). The

MeV compared to a nucleon mass of 1 GeV, the nucleorPNOtoN energy is written o, =[Q*+)\?]"% whereX is a
bremsstrahlung graphs can clearly be neglected small nonzero photon mass introduced to regulate the infra-

The differential cross section for the reactiog+d—p red divergence. The integrations ov@randx are very deli-
+pt+e +7y, is cate: the logarithmic pole ik has to be extracted to cancel

with the A dependence coming from the virtual corrections.

Ee+Ex
Ee

(13

(Ex—BQx)?

1 d3p,d3p,d3p.d3Q The range of integration fa® runs from 0 t0Q,,.x. IN Sec.
dodc= 8f 6IM EE.E eE E Il D we will discuss the possibility that the bremsstrahlung
(2m) dEvE1E2EeEK photons are detected by SNO. If they are, tigp,, equals

w, the threshold energy for photon detection. If they are not,
thenQuau=A+E,—E. =Y.

The first term in Eq(13) is free of the logarithmic singu-
where T” is the square of th@-matrix element, averaged larity and can be trivially evaluated in the lin,—Q and
over initial spins and summed over final spins. As before, we\?>—0. For the second term, the singularity is isolated by
introduce relative and center-of-mass momenta for the twavriting the integrand as
protons,p and P, and we use the momentum delta function
to integrate oved®P and the energy delta function to inte- Qz[( Ek)1’2< . Ek) }32(1—Q2X2/E§)

grate overd(p?). No restrictions have been imposed on any —|1-—
Ex y Ee (Ex— BQx)?

XTY84Pg+P,—P1—P2—Pe—k), 9)

of the angular integrations and so these can all be done trivi-
ally except fordx, wherex is the cosine of the angle be-

. . " QZ ,82(1_Q2X2/E2)
tween the electron and photon directions. The result is L k (14)

B (E—BQx)?

2
L PeE.dE.Q"dQdX o The first part is now free of the singularity and can be evalu-
1675 64M4E E EoEEy ated in the limitE,—Q and\2—0. The second part contains
the singularity and is exactly the integral evaluated by Ki-
_ _ 1/
X[Mp(A+E,~Ee~EW] T, (10 noshita and Sirlif12]. The result is

Y —

where Ob(Ee,.E,)=11+1+1ks,
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o 1 1| 1+ y2 3 1 3 1 3 1
e 1-8/15 N £
312
« 5_3(1_Qmax”(1_Qmax) _2}, . . .
y y
FIG. 2. Feynman diagrams for the exchange of virtual photons
1 1+ (or Z-boson$ between quarks and leptons. Note there are no virtual
1,=2 ﬁ'n 1-8 -1 photon (or Z-boson exchanges between particles 1 and 2, or be-
tween 3 and 4. These exchanggdentically zero in the Landau
QmaxdQ Q 12 Q gauge are part of the vertex definition and are not part of the
XJ —||1-= 1+—=—|-1], radiative correction.
0 Q y Ee
with
1 1+
|KS=2|n<Q;‘aX) ﬁ|n($ —-1[+¢, (15) AL 3
9™(Ee)=3 In( M—) +7HA
with P
SN N A=E In(1+'8)—1+2ln l)[iln 1+8 —1}
2
1-p%] . 1 Sin[Me| L1 (1AL (28
x| 2| == [+ SILB)~L(-B)] +2'”( sl2™1p/] " \1va)
B Y et Y bl 16 9
2B 2 2 ' (16) whereB=p./E. andm is the electron mass. Note the pres-
) ) ence of the infrared divergence in M)(with a coefficient of
whereL(z) is a Spence function exactly the right magnitude and sign to cancel the corre-
2dt sponding term in the bremsstrahlung result, Etp). The
L(z):f —In(|1-t]). (17)  imposed cutoff is denoted and is taken to be of the order
ot of the nucleon mass.

, ) In the high-energy regimé>M ,, the exchanged photon
The integral inl, has to be done carefully because of thejs not aware of the hadronic structure, but rather the electro-
apparent pole @=0. In fact, there is no pole. For sm&@,  magnetic coupling occurs at the quark level. The four rel-

the integrand is expanded binomially and th@ factor can-  gyant graphs are given in Fig. 2, where particles 1 and 2 are

celed. quarks and particles 3 and 4 are leptons. Because this is the
charged-current weak interaction, we only display the quark

B. Virtual radiative corrections that changes flavor, the other quarks in the deuteron remain-

The virtual radiative corrections are those in which a phoJng spectators. In this limit, the approximation is made that
ton is exchanged between the electron and the hadroni@€ momenta and masses of the external particles can be put
mentum,k, is involved. Because of the need to isolate thelfon energy:
infrared singularity it is convenient to evaluate the correction highyy _ o 2.2
in two photon-energy regime&<M, andk>M,. In the 9,7 =8m Myl —31(Q1Q3+Q2Q4)
first case the approximation is made that Weboson mass

PP +33(Q1-Q2)(Q:—Qa)}, (20

is large, my—o0, and the interaction reduces to the four-
fermion contact interaction of the prestandard model days. "therte Q,, Qs, andQ, are the charges of particles 1, 2
3, and 4, andny, the W-boson mass. The loop integrdl,is

this situation the loop integral is dominated by tke—0
regime, so the photon coupling at the hadronic vertex is sim-
ply Dirac-like, the anomalous terms can be neglected. The d*k 1

loop integration, however, is ultraviolet divergent and some |:f

form of cutoff at an energy of the order of the proton mass (2m)%4 K2(k2+ Mf))(k2+ ma,)
has to be imposed. The virtual correction in this limit has

been evaluated by Berman and Siflii8], Sirlin [14], and by 11 In(m—w) 1 i|n<m_vv> (21)

Yahooet al. [15] and we quote from the latter. If we write 82 (m2,—M2) | My R m, \Mp)’

the T-matrix for the bare process d57" and theT-matrix P

for the virtual correction a3}™  then the virtual radiative where the nucleon mass term is included in the denominator

correction is written to regularize the integral. The other loop integidl,is di-

vergent. The presence of a divergent integral is not a con-
bare, -rvirtual__ —bar @ cern. The same graphs occur for muon decay, but in this case
T T =T €<1+ Eg”(Ee))' (18) the value of the ggra?ahs is incorporated into )t/he definition of
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the weak coupling constarG. Thus, we are only interested on puttingm,,=m,cosd,. The complete virtual correction is
in radiative corrections that differ in the semileptonic anda sum of three terms:
purely leptonic sectors. The terdnis universal, identical for

both beta decay and muon decay, because its coefficient de- 9,(Ee) =g (Ee) +g) 9" + g o

pends only on Q;—Q,) and @Q,—Q3), the charge differ- 1 m 3

ences at the vertices. The termlinhowever, appears only =3[ Q+ _) |n<_z) + 24+ A (26)
for beta decay; it is zero for muon deca@{=0, Q,=—1, 2] \My) 4

Q;=—-1, Q4,=0). We evaluate this term by writin@, . . . .
+Q,=20, Q;—0,=1, Qs= —1, andQ,=0, whereQ is Before continuing, it is gssentlal to dgmonstrate that this
2 1l 27 3 ' 4= T technique of handling the virtual corrections conforms to the
$rore complete treatment given for the electron spectrum in
nuclear beta decay discussed by Sifli8]. Thus we com-
pute the bremsstrahlung graph for beta decay and add to it
|n(m_W) (22  the virtual correctiong®(E,), g"o", andg_fj'gh'z given in
M, Egs.(19), (22), and(25). We put the result in terms of Sir-
lin’s function g(E.,Ey) defined in Eq.(20b) of Ref. [14],
To join the low-energy and high-energy regimes, it is as-and to avoid problems in notation we callG{(E ,E,) here.
sumed the ultraviolet cutoff in the low-energy regime can beThe maximum electron energy in beta decay is writign
set to the nucleon mass, the same mass that was used in thfter a little algebra we obtain for the radiative correction for
high-energy regime to regularize the integtal, beta decay
We next consider in the high-energy regime the exchange

of Z-vector bosons according to the same graphs in Fig. 2, 9" Eq,Eo) = 95 Ee,Eo) + 9, (Ee)
with Z bosons replacing photons. Again the approximation is 1 m

- Z

Q+ 2) In( v p)

changing weak interaction. We obtain

) — 1
gnhr=3 Q+§

used that th& boson is not aware of the hadronic structure - EG(Ee Eo)+3
and couples directly with the quarks. Then the external mo- 2
menta and masses can be put to zero, and the radiative cor-

rection becomes independent of electron energy. The result +3In T + g (27)
is p
> 2 We compare this with the result obtained by Siflik8] of
nghz_ _ 8T Mzl 5 5 0 o _one?
v T 2 2 Z(Ql Q2+t Q4—Qg)s S —EGE c +§| m_W+E| My
g e 0)_2 ( e O) 2n Mp 2n mA
+(4Q1Q3+4Q,Q4— Q1Q4— Q,Q3)s* || my| 1
+C—-2In m— +§Ag. (28
z

—[1-(Q1~ Q2+ Qs—Q3)s*+(Q1—Q2)
The first two terms are the universal photonic contributions
X(Q4—Q3)g4]J], (23 arising from the weak vector current, the third and fourth
terms are the asymptotic and nonasymptotic photonic correc-
tions induced by the weak axial-vector current, the fifth term
wheres=sinf,, andm; theZ-boson mass. The loop integral, arises from theZ-boson exchange graphs, while the sixth

[, is term is a small perturbative QCD correction estimated by
Marciano and Sirlir24] to be A;=—0.37. It is convenient
f d*k 1 to gather the leading logarithms together and recas{ZB).
| =
(2m)4 K2(K2+m2,) (K2 +m2) as
1 m
1 1 mz 9P qE.,Eq) = = G(Eq,Eq) +2In —Z>
=————In|l—], (24 2 M,
872 mz—mg, \Mw
iMooy 1A
while again the loop integrall, is divergent. The coefficient 2™ m, 2779
of J depends on constants or the charge differences at the
vertices, Q;—Q,) and Q,— Qs), and so is universal. Con- _ EG(E Ey)+2In Mz . o055, 29
sidering only terms that differ between semileptonic and lep- 2 . M,

tonic decays as contributing to the radiative correction, we ]
obtain In giving a numerical value to the last three terms we have

taken m,=1260 MeV, andC from the calculations of
Towner[25], C=0.881. This constant term is much smaller
In(—) than the first two terms. We can now compare this expres-
sion from Sirlin[18], Eq. (29), with our expression Eq27).
(25  We see there is accord in the leading two terms if the cutoff

2
. mz
glr)ugh,Z: S2 3
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TABLE I. Values of the radiative correctiona(7)g(Ee,E,), Eq.(30) (in percent unitsas a function of
the neutrino energyE,,, and electron recoil kinetic energy, .

Neutrino energyMeV)

Te 7 8 9 10 11 12 13 14
5.00 1.38 2.50 3.13 3.60 4.01 4.38 4.73 5.08
5.50 -1.17 1.88 2.68 3.21 3.65 4.03 4.39 4.72
6.00 0.98 2.17 2.81 3.29 3.69 4.06 4.39
6.50 —-1.70 1.53 2.37 2.92 3.35 3.73 4.08
7.00 0.61 1.86 2.52 3.01 341 3.77
7.50 —-2.19 1.22 2.08 2.64 3.09 3.46
8.00 0.28 1.57 2.25 2.75 3.15
8.50 —2.63 0.93 1.82 2.39 2.84
9.00 —0.03 1.31 2.01 251
9.50 —3.04 0.66 1.57 2.16
10.00 —0.32 1.06 1.77
10.50 —-3.41 0.40 1.34
11.00 —0.59 0.83
11.50 —3.76 0.16
12.00 —0.85
12.50 —4.09

cussed in Sec. Il B, these graphs are not completely inde-

A is taken as the nucleon mad4, (as already chosg¢nand
Q is taken to beQ=1%, the average charge of an up and Pendent of the hadronic structure. This is because the

down quark(again as positéd The expressions differ in the Z-boson-hadron coupling is not simply proportional to (1
small constant terms. We can therefore improve our estimaté ¥s). Rather, for the bare graph the hadron covariant is

of the virtual radiative correction by adding the constant bare i — ) 4 ()
H, =iuyy.(9y ' +9a" vs)Uz, (3D

3In(M,/mp) +C+34,—9/8= —0.57.
The complete radiative correction for neutrino scattering
on deuterium for the CC reaction is the sum of the bremswith gs,h)= +1—4Q;Sirf4y, g(Ah)= +1, the upper sign for

strahlung, Eq(15), and virtual, Eq(26), corrections with the an up quark the lower sign for a down quark, while for the
radiative-correction graphs the hadron covariant has two

additional small constant term just discussed
Z-boson-hadron couplings plus an extyzt

9(Ee,E,)=0n(Ee,E,) +9,(Ee) —0.57. (30 B
Hfd_corr: iUy, ys(9y" + 9" ¥5)2Us,. (32

In Table | we give values ofd/w)g(E.,E,) for the case
when the bremsstrahlung photon has not been detected. Ttﬁg‘e H;f‘d'co"therefore is not simply proportional ﬂdzare as

value of Q. IS set equal toy=A+E,—E, in Eq. (15). : . .
Results are given for neutrino energies that sparfBeolar \(/:v:ssetr:)ef %Zﬁrilgothaelbgg rﬁggt'gg' c;_é%\/tv;\i/fr:; f(\)/\r/eth:sps)ﬁmceu'tire
neutrino spectrum and for recoil electron kinetic enerfy, transition is from a3S s{')ate 0 alS state a, ure Gamow-
=E.—m, that exceed the likely detection thresholdTgf;, - : ;ap .
—5 MeV. In these ranges the radiative correction is seen t(;I’eller transition. Thus in the hadron covariants, we retain
X . . . ial- i (A — i1

vary from +59% to — 4%, with the correction decreasing for Only the axial-vector pieces. If we defité,”=iu,, ysu;
increasingT, . then the two hadron covariants,

bare (h) g (A)
C. Radiative corrections in the NC reaction HM —9a HM ’

For the neutral current, Eql), there are no bremsstrah-
lung corrections from the leptons, while the bremsstrahlung
corrections from the hadrons will be neglected, consistent ) )
with the approximation made for the CC reaction. For the2® Simply proportional to each other and the dependence on
virtual correction, there are no graphs with photon eX_hadrqmc structur.e for the radiative correction is just I|m|teq

ratios of coupling constants. Then we can proceed as with

changes, since both leptons in the graph are the unchargé?i _ X >
neutrinos. However, the four graphs in Fig. 2 can contributéhe CC reaction. Thd@-matrix element for the bare reaction

H;iid —corr_>(g§/h)2+g(Ah)2)H’(uA) , (33

for Z-boson exchanges. We again evaluate these graphs %
the limit that theZ boson is not aware of the hadronic struc-

ture and couples directly to the quarks. Then the momenta
and masses of the external particles are put to zero. But,?The extrays comes from the replacement of a product of three

unlike the case of virtual corrections in the CC reaction disgamma matrices by the product of one gamma matrix gnd
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h Vs h Vz case the coupling at the hadron vertex is with a photon and
so is of purely vector character. As we have already dis-
cussed, for the deuteron situation we require axial-vector
coupling at the hadron vertex. Therefore none of these
graphs will lead to a radiative correction for a pure Gamow-
Teller transition.

~2
N
-2
N

h Va h Y

FIG. 3. Other possible radiative corrections for the NC neutrino-
hadron scattering, but which give zero contribution for pure D. Bremsstrahlung photon detected

Gamow-Teller Transitions. For the SNO detector the real bremsstrahlung photon

emitted in the CC reactioryg,+d—p+p+e + vy, will, in
hare_ _ G (WA | (34) principle, be detected. So the procedure outlined in Sec. IIl A
fi 2\/§gA ’ for obtaining the radiative correction by integrating over the
photon energy cannot be followed. Suppose that SNO can
where the lepton covariant for neutrinos is as befdrg:  detect photons of energy greater than some thresholdy say
=iugy,(1+ ys)us. The radiative-correctiof-matrix ele- and thatw is less than or equal to the threshold fc_)r the
ment, T4 is proportional toar %, and their ratio defines détection of the recoil electron&<Ty,. Further, for sim-
the radiative correctiorg\C: plicity of the following analysis, we will assume that photons
v and electrons are detected with equal efficiency and that it is
bare. —rad-corr ~—bar a the sum of the energy deposited by the photons and electrons
T+ T T =Ta |1+ 59, (35  that is observed in the SNO detector.
Then, starting from Eq(10), we change variables from
Note that in the approximation of the high-energy regime dEedQ to dXdE whereX is the sumE.+Q andE=E,,
gS‘C is independent of lepton energies. The result is and integrate oveE from m to X to obtain the differential
cross section as a function &f

3 (00 e

9" " G o —8mmal, (36) dogc 1 fx B(E)E*(X—E)
9a dX 1675 m" = 64M4E,E1E,E
wherec?=cog @, ands?=sir? 6,,. The loop integrall, is o
defined as XMp[Mp(AJrEV—X)]l’zf dxT?, (39
-1
| f d* ! 2122112
= 7 2 2. 2.2 whereT?” is given in Eq.(11), and B(E)=[1—m“/E“]"~
(2m)%1 (K Mp)(k™+m3) For the bare reaction without photon emission, Ef}, the
1 1 1 m differential cross section is
N | |
z
gm? (mz—M?2)[2 PP AM, doce G2

AX 23 VadOAM M (A +E, = X) IEB00 X712,

(37 (40

where the electron energy has been se{ tdhe total energy

The nucleon mass has again been used to regularize the igaposited in the absence of a photon. The radiative correc-
tegral. It remains to decide how to choose the coupling congjon is then defined to be

stantsg{’ and g{" for the case of neutrino absorption on

1 1

- 2 2"
167 mg

deuterium. We will make the very naive assumption that the doce dodc do’cc/ @
radiative correction in deuterium is simply three times the ax T dx - dx \1+ ~9(X) (41)
sum of the radiative corrections for an up quark and a down
quark evaluated from Ed36). The result is and
g”c=3(1—s—2) 38) X)= —2—F(x)in| 2=
v 2/ gn( )—m()n X

which provides a correction of about 0.4% for the NC 2 JX FX)—F(E) 1(XJh—Jp)
reaction rate. BX)X ) m X—E 2 gxX)X2 '

There are a further set of graphs that could contribute to
the radiative correction of a neutral current reaction, shown (42

in Fig. 3. The first two show lepton intermediate states and
are considered electroweak corrections, while the third ha¥
quark intermediate states and are QCD corrections. These
. o= o L . X 1+
graphs give the principal NC radiative correction in neutrino- J = f dE In(—)
electron scattering23]. However, we notice that in each m 1-8

here
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TABLE II. Values of the radiative correctiona{ 7)g(X), Eq.  energy,T,, can be described by a resolution function of the
(44) (in percent unitsas a function oK, whereX is the sum of the  form [2,3]

electron and photon energies.

T =T+6)?
AT/(2’7T)1/2 2AT’

The bias term$ accounts for a possible uncertainty in the
absolute energy calibration and the energy dependent width,

X= 7 8 9 10 11 12 13 14 R(T, T )= (45)

414 423 431 439 447 455 462 4.69

X 1+ , , ot
Jff JEE |n<1 2) 43 At , scales as/T’ due to photon statistics
AT’:AlO\ T’/(lO Me\/), (46)
F(E)ZEE[im(lJFB) _1}_ where A4, is the energy resolution width at 10 MeV. For
2 \1-8 SNO, the parameters have been sehg=1.1+0.11 MeV

and 6= *100 keV.
The three SNO observables df&,), (T2) or its variance
FS, and the ratidNcc/Nyc. These quantities are defined as

Note the integrals oved E anddx are handled delicately to
isolate the logarithmic pole in, the photon mass. To this
expression we add the radiative correction from the virtua
graphs, Eq.(26), which remain unchanged except that the
variableE, is now replaced by. The logarithmic singular- (Te)= N f dT.T f dE,N(E,)PedE,)
ity in A is exactly cancelled in the sugy(X) +g,(X). €C Y Trin

Note, also, the radiative correction no longer depends ex-
plicitly on the neutrino energy. The only dependencegn J dT.R(Te, T, ) (EV)
in the bremsstrahlung differential cross section, @€), oc-
curred in the factor & + E,— E.— E,)Y2. For the bare reac-
tion without photon emission, Eq7), the factor is A +E, )

Eo)*2 Itis the ratio of these two factors that provides the (To=— dTeTef dE,N(E,)PedE,)
neutrino-energy dependence to the radiative correction. Trin

e

However, when the photon is detected with equal efficiency Occ

with the electron such that only the total energy deposited in Xf dTeR(Te, Te)———(E,),

the detector is recorded, then the factor from the bremsstrah- dTe

lung differential cross section, E¢39), is (A+E,—X)'2 s o )

while the factor in the bare cross section, E4Q), is also ao=(Te)—(Te)", (47)
(A+E,—X)*2 because in the latter case the total energy

deposited in the detectoX, is equal toE.. So the explicit _

dependence oE, drops out in the ratio. Nee f mdeef AEME,)PedE))

In Table Il we give values of &/ 7)g(X), where
9(X)=gu(X) +9,(X), (44)

for the case where the bremsstrahlung photon has been de-
tected with equal efficiency with the recoil electrons for a
range of energies betwedn,,+ msX<A+E]?. The ra-
diative correction is very nearly constant at around 4.4%. It ) " )
increases only slightly with increasing energy, by where \(E,) is the.spectrum o B solar neutrinos, gnd
+0.08% per MeV. A constant radiative correction will have Pee(E») IS the survival probability that electron neutrinos
no effect on the SNO observabléE,) and(T2), but gives a prepared in the sun remain as electron neutrinos when de-
e/ H

constant shift to the ratidNcc/Nyc, the number of charged- ’([jec;tec: on f?arth. T he atgro’ve m(;egrar:zds slrfumld ‘::f’q include
current to neutral-current counts. etector efficienciesscc(Te) and enc(E,). e efncien-

cies are assumed to be energy independent, then the mo-
ments(T,) and(T2), are independent af-c, while the ratio
of CC to NC eventsN¢cc/Nyc, will scale as the ratio of
The SNO experimerjtl] will observe the charged-current efficiencies. ThéB neutrino spectrum we take from Bahcall
neutrino-deuterium reaction, E(R), by measuring the Cer- et al. [26] and the neutrino survival probabilities from Bah-
enkov light emitted by the recoiling electron. The electroncall and Krastev[27], who have given the following
kinetic energy,T., is distributed between 0 and+E,  neutrino-oscillation solutions: a purely vacuum oscillation
—m, whereE, is the neutrino energy\ is the mass differ- (VAC) solution with neutrino mass-mixing parameters?
enceMy—2M,=—0.891 MeV, andn is the electron mass. and sirf 26 given by 6.0<10 ! eV? and 0.96, and two
The threshold for electron detection has been sét,at=5 (best-fi) Mikheyev-Smirnov-WolfensteifMSW) solutions
MeV, below which the signal-to-noise ratio is likely to be at small and large mixing angkSMA and LMA) with pa-
poor. In observing the Cerenkov light, the distribution of therameters Am? sirf2¢) given by (5.4<10° ¢ eV?, 7.9
measured recoil kinetic energ¥,, around the true kinetic Xx10 %) and (1.7X 10 ° eV?, 0.69, respectively.

W)

e

Nnc= f dE,N(E,)onc(E,),

IV. RESULTS AND DISCUSSION
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For the standar@STD) case with no neutrino oscillations, TABLE IIl. Values of the SNO observables(Te), o},

P..=1, Bahcallet al. [2,3] have calculated the following Ncc/Nnc, for four different neutrino-oscillation scenarios, STD,
values for the SNO observables: SMA, LMA, VAC, with and without radiative corrections.

(Te)=7.658-0.070 MeV, With radiative corrections

02=3.04+0.15 Me\?, (48) No
radiative Photon Photon

Nee/Nye= 1.882+0.079 corrrections  undetected detected

. T 7.658 7.648 7.660
where the b errors are due tqa) statistics of 5000 CC { §>
. . . STD oo 3.04 3.03 3.05
events and 1354 NC eveni{®) uncertainty in the neutrino- Nen/N 1882 1891 1952
deuterium cross-section€;) uncertainty in the®B neutrino ccrNe ' : :
spectrum,(d) energy resolution, ane) the absolute energy (Te) 7.875 7.864 7.877
calibration. If SNO performs as expected, the measuremergma o2 3.17 3.16 3.17
of (Te) should distinguish a VAC solution from the no- Nee/Nye 0.639 0.642 0.663
oscillation(STD) solution and possibly resolve the SMA so-
lution; while in the Nco/Nye measurement all three <Tg> 7.654 7.644 7.656
neutrino-oscillation solutions are well resolved from the STDLMA a5 3.04 3.03 3.05
situation. Nece/Nye 0.422 0.424 0.437
The question to _b_e answered hgrg is: How mL_JCh are these (T2 8.361 8.349 8.363
expectations modified when radiative corrections in the c 5 .94 3.23 3.24
neutrino-deuterium cross sections are included? We consid&f" 70 : ' '
Nee/Npe 0.411 0.413 0.427

two extremes: the case when the bremsstrahlung photons are
not detected at all, and the case when the bremsstrahlung
photons are detected with equal efficiency to the recoil elecstandard deviation is considered to be the drror given in
trons. In the first case, the integrands in E47) for the CC  gq. (48).

reaction are multiplied by the functionti(a/m)g(Ee E,), In summary, radiative corrections in neutrino-deuterium
whereg(E.,E,) is the sum of the bremsstrahlung and virtual scattering have only a small impact on the observables likely
corrections, Eq(30). In the second case, we consider thetg he measured in SNO. Thus, the anticipated discriminatory
measured Cergnkov light |n.SNO to be a measure of the tot%{bi”ty of SNO to uncover new physics is not compromised
energy deposited by recoil electrons and bremsstrahlungy our considerations here. Nevertheless it might be interest-
photons, and multiply the integrands for the CC reaction bying for SNO in reaching its primary objective of measuring
1+ (a/m)g(X), whereg(X) is defined in Eq(44) andX is  N../Nyc to investigate its ability to detect the internal
the total energy recorded by the Cerenkov detectors. In bothremsstrahlung photons and with what efficiency as this
cases, the NC cross section is multiplied by a constant, }ould have some impact on the neutrino-oscillation param-
+(alm)g)°, with g;' given by Eq.(38). eters that might be deduced from this SNO observable.

In Table Il we show the results of the changes to the
SNO observables by the inclusion of radiative corrections.
When the bremsstrahlung photons are not detected the SNO
observables are shiftedT,) by —0.14%, 0§ by —0.32%, | would like to thank the SNO group for a critical reading
andNcc/Nyc by +0.5%, while when bremsstrahlung pho- of the manuscript, and in particular mention Hay Boon Mak
tons are detected, the shifts becofiig) by +0.03%,03 by  and Guy Jonkmans who found a serious error in the first
+0.04%), andNcc/Nyc by +3.7%. Only for theNec/Nye  draft. | would also like to thank J. N. Bahcall and E. Lisi for
observable in the case when the photons are detected, gpermission to use their computer code for the calculation of
these shifts comparable to one standard deviation, where ortlee neutrino-deuterium cross sections.
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