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A phenomenological study of phot on production in low energy neutrino nucleon 
scattering 

James Jenkins and Terry Goldman 
T heor'etical Oivision, Los A lamos Na tional Laboratory, Los Alam os, NM 87545 

Low energy photon product ion is an important. background to many current and future preci­
sion neutrino exper iments. We present a phenomen logical study of t-channel radiative corrections 
t neutral current neutrino nucleus scattering . After introducing the relevant processes and phe­
nomenological coupling constants , we will explore the derived energy and angular distributions as 
well as total cros - ection predictions along with their es timated uncertainties. This is supplemented 
throughout with comments on possible experi mental s ignatures and implication~. We conclude with 
a g neral discussion of the analysis in the context of complimentary methodologies . This is based 
on a talk presented at the DPF 2009 meeting in Detroit Nil. 

I. INTRODUCTION 

Recent neutrino scattering experiments report tiig­
nals with accura.cies below the 1 % level. Such un­
precedented sensitivities demand corresponding ef­
forts to determine backgrounds. Radiative 'orrec­
tions are clearly expected at this level. A proper 
tmderstanding of induced phot on production is espe­
cially critical for those experiments searching for elec­
tron neutrino appearance with non-magnet ized detec­
tors [1- 3] where it is difficult to distinguish gamma 
radiation from el ctrons. This is the case for many 
precisi n short baseline 0 cillation experiments. Stan­
dard radiative corrections from final state photon 
bremsstrahlung [4] and resonant /). / N* product ion [5] 
hav (' 1 ready been examined in the literat ure and are 
included in experimental Monte Carlo simulations [6-
8] . Next generation magnetized detectors will alle­
viate ,orne the nncertainties induced by his back­
ground [91. 

In what follows we present a novel Standard ~'lodel 

contribution to t-channel neutral current photon pro­
duction in neutrino nucleon scattering first introduced 
by us in [10] . In contra..::; to the well known s­
channel ffects des '1'i bed above, our sel ted class of 
processes ar 1 ss obviously onn cted to the exter­
nal line quanta. We consider both neutrino and ant.i­
neutrin ) proce ~es and our results may be extended to 
ot her similar interactions both in neutral and charged 
cu rr nt scattering. Although our primary focus is on 
modest energies, our results ar r lativisti ally covari­
ant and thus may be applied to any energy. Of course, 
at high energies Regge t i'ajectory generalizations of 
the meson exchanges are necessary whi h will natu­
rally lead 0 a quark pi ture of the interaction. This 
paper is organized as follows. In section II we intro­
d uce the dominant scattering process diagrams and 
ph nomenologically derived coupling constants. Thi~ 

is followed by a derivation of the ::;cattering cro s­
section. We show our numerical d ifferential and total 
cross-section re ults in flection III where we also point 
out the importance of interf renee effects. vVe con­
clude in section IV with a brief summary and general 
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FIG . 1: Speci fic diagrams considered in this analys is. Vari­
ants and interference effects are discl1-"sed in the text . 

discussion of our met hodology. 

II. PROC ESS 

A. Diagram and Couplings 

F igure 1 shows the two dominant t-channel modes 
coru;idered in this analysis differentiated by interme­
cliate w aud pO meson exchange. In both diagrams 
the Z-boson carrying the neutral current interaction 
from the neutrino line mixes iuto a vector boson, in 
the familiar fashion of Vector Meson Dom.inance [11]. 
T he hadroni v ct r m son then undergoes a virtual 
decay to a photon and pion in the t-channel. This 
last couples strongly to the hadron target. Of course, 
other similar contributions occur with vector-meson 
(Regge) recurrences, but these pretiominantly affect 
only t he overall strength for q2 « ~1'2 where the ex­
cited state is integrated out of t le interaction. Low 
nergy hadron scattering experiments suggest that at 

modest enerbi s t he sum over all such contributions is 
likely to be dominated by t.hese leading Olle~. For the 
remainder of this section we will focus 011 the the w ex­
change diagram and discuss the effects of interference 
in subsection III B. 
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The anatomy of t hi diagram is shown in figure 2 
where the needed coupling constants arc c' rcled for 
convenience. These are extracted phenomenologically 
from measured processes . 

Beginning with the ]f - ')' - meson vertex. We 
~ee that this ontribution is similar to the triangl 
anomaly mediated interaction identified in [12] and 

[
discussed in [13]. Our advantage over this approach is 
that the vertex strengths rc known phenomenologi­
cally from the decay w ----1 ]fG + r computed from the 
effective Lagrangian term 

(1) 

where F~ (T is the photon field strength tensor and a 
factor of the electromagnetic coupling e, necessarily 
present from t he photon interaction, is factored out 
for convenience. We paint out that, although Eq. (1) 
has the same form as that induced by the triangle 
anomaly due to the axial vector nature of the pion 
current, it exists independent of the anomaly. Using 
this interaction, and neglecting the ]f0 mass, we find 
the squared decay amplitude 

where k and q are the photon a.nd pion momenta, 
respectively. T his implies he decay width 

('tg 2 lv{3 
I r (w - > 7T + ,,)') = W ,,/ 7r u.'. (3) 
I 24 

'IFitti,ng Eq. (3) to the observed decay width [14], we 
extract the coupling constant 9 'Y 7r = 1.8/ lye . A 
similar exercise may be performed with the pO de­
cay. in which case one extract gPr iT = 0.55 / lYlp- T he 
m asu r d partial de ay widths all \V for very accu­
rate coupling constant extraction beyond the 0 ( 10%) 
Ie el shown here. For t he purposes of describing a 
sub-l % signal Ollr accuracy adequately provides total 
cross-section predictions to better than 0.1%. This 

[
reasoning holds for other parameter extractions given 
throughout t he text . 

I 
l\tloving on~ the strength of the Z -w mixing and its 

~
2 running may be extracted from the self energy dia­

gram shown in figure 2. Following [15 , 16] we param-
t rize the w - q - fj form factor by gwqtj lv12 / (lv12 - p2 ) 

I
Where Al describes the finite size of the w meson. The 
bare w - q - q coupling is found to he g w qij ~ 3.1 fro111 
~he decay w ----1 ]f0 ]f+ 7r - [14]. Calculating the self 
Fnergy via dimensional regularization and considering 

1
111Y "hose terms that contribute to the p2 d pendence 
f uJ - Z mixing we find 

2 2 
2 - 99wqq Al S Ow 

9wZ (P ) = 12 2 (4 ) 
]f cow 

11 ll-z p2 z (z - 1) + rn~ 
x dz dx 2 ~ _, '2 I , 2 , ' 

o ° p"' (-4 - 1) + mq i x (Al - mq ) 

~p + k 

/.I 
~

) -q J! 
Z w 

7J 
} p- k /.I 

FI ... 2: Phenomenologically extracted coupling constants 
determined from experimental data. 

after dropping logarithmic contributions. Here ClIw 

and sOn; are t he COSiI e and ine of the weak mixing an­
gle , Taking reasonable limits of Eq. (4) yields simpli­
fied analytic results [10] but the remainin ' Feynman 
integrals may be easily performed numericall.r Doing 
this we find the averaged 9 ,Z = 600 lVleY- assum­
ing m q rv 3lVle Y and AI rv Nlw at momenta transfer 
between 200 - 1000 IvIeY. We find a slight 0 (10%) 
variation of gwz (p2 ) within this region of interest. 

For the remaining couplings we make use of the 
Standard :Model weak intera tion of the Z-b SOl1 t 
neutrinos aud quarks and the well known pion ou­
piing to the nucleon [17] via the interaction £[ = 
g1rNN~''I//' 'Y5ap.if . iw wh re W is the nuel on field and 
Tare isospin generators. 1\0 other parameters are re­
quired, so the prediction of the contribution to the 
totaL cross-section for prod ueing a final state photon 
is absolute for this diagram. The analogous analysis 
is easy to perform for the pO exchange case. 

B . Cross Section 

Evaluating the w exchange diagram of figure 1 we 
find the squared ::scattering ampli tude 

28 ;\£2 2 2 2 2 ( 2 ) 1 ~~ n9vZ9w ,7r9 Tr N N9w z q 
(5) 

(q2 - 1vl~ ) 2 ( q2 - Nl~ ) 2 (Q2 - lvl; )2 

x ( i · e f (Pi ' P f - Aliv ) (( k . ei ) 
2 + (k . e J ) 2) 

in terms of the labeled four momenta. The upper 
portion ofEq. (5) shows the general coupling constant 
and propagator dependencies while the lower factor 
descri bes the kinemati , that follow from the diagrams 
Lorentz structure. In the center of mass (eM ) frame, 
the momenta can be written explicitly as 

(6) 
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Pi (E p" - B€;) (7) 

€f (Eer ' Eef ) (8) 

Pi (EpI' PPf) (9) 

k (Ek Ek), (10) 

where we employ the shorthand Ei = Pi to indicate 
a ll1assle s particl '53-moment um of magnit ude E i , 

In t his frame we find , after performing trivial integra­
tions over momentum conserving delta fUllcti TIS , the 
differential eros '-section for the final state photon's 
energy and angular di tribution to be 

where the momenta t ransfers arc given by q2 = 

- 2Ep,Eyj (1 - J.Lf f ) and Q2 = q2 - 2k , €i + 2k · f.f. 
Here IJ. = cos B is the photon opening angle from l.h 
b am direction awl jje f is the cosine of t he opening an­
gle hetween the neut rino in the final and initial state. 
It is related to jj and the cosine of the opening angle 
between he photon and the final state neutrino l1ef k 

by 

ItPr = Illlef k + / 1 - l l2) 1 - Il~fk cos ¢ . (12) 

T his is the only cP dependent term in the system. Mo­
m ntum conservation then fi xes the remaining open­
ing angle to he 

1 
(13) 

2Eef E k 

x (b - 2JS(Epf + E I,J + 2E kE£f - !vIFv ) , 

w h re .5 = (Ee i + EpJ 2 is the relativist ically invariant 
squared C~I energy. Additional constraints and limits 
of integration are found by requiring t hat fLp fk and Ek 
take O Il physical values . 

Evaluating Eq. (11 ) ubject to hese onstraints in 
the r asonable limit Iq21 « Ali, !Q21 » At; aud 
gwZ (q2 ) rv Uwz we integrat e ov r q; to obtain 

where 

f 

a 

2Ep;E efV17Jl - I"~f '" 
2Ep,Ee, (1 - ltf..'Cf k ) 

f 

(15) 

(16) 

,,' 

j . ' 
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FIG. 3: Angular and energy clifT rential cross-s ction lis­
t ri butions in t he eM and lab frameti for va.rious neutrino 
beam energies 

b 

c = (18) 

Assuming physical parameters, he dimensionless 
quant ities a, band c arc all gr ater than unity. This 
leaves only t he one-dimensional int egral over the fina l 
neut rino energy (Be f ) to per form. 

III. P HENO M E N OLOGY 

In what follows we numerically explore Eq. (11) ill 
both t.he CM and lab frames llsing the phenomenolog­
ically derived coupling constants . vVe point out that 
we are using the full cross-section expression without 
approximation including the q2 rullning of YwZ (q2 ). 
We fi rst discuss t he results of the w ex hange pro css 
alone followed by the modifications induced hy inter­
ference . 

A . R esults 

In the CIvI frame, the predicted cros..<;-se ·tiOll is 
weakly peaked in the backward direction with an en­
~r°"Y maximum near the high st kinematically allowed 
energies due to the overall fac tor of Ek in E . (14). 
This can be seen in the upper panels of figure 3. 
Boost ing these dist ributions t o the lab frame push '8 

t he angular d ist ribution forward and spreads the en­
ergy of the phot n a~ is evident in the lower pan­
els. Numerically integrating Eq. (14) , we plot the 
la b frame differential cross-section for beam energies 
of 200 :MeV , 350 MeV, 500 £ feV and 1000 leV in 
figures 4, 5, 6 and 7, respect ively. In each case, we 
d isplay t he E~( and cos B dependent contour pi ts as 
well as energy and angular projection panels obtained 
by integrat ing over one of the variables. The t tal 

3 
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FIG. 4: Lab fram differential cross-section contour plot 
wilh beam energy Ee, = 200 MeV. Angular and energetic 
projections are shown for convenience 

I · -: .U 
. l<':/.i,I.( 10 .' ab6!", ... V) 

FIG. 5: Lab frame d ifferen tia l ermis-sect ion contour plot 
with beam energy Ee = :350 ~reV . Angular and energet ic 
project ions are shown for convenience 

cross-section is also noted for re£ renee. The angu­
lar distribution moves toward the forward peak with 
increasing neutrino energy due to the growing boosts 
from he el\tI to t he lab £l-arne. The distribution con­
sistently peaks near the center of the kinematically 
allowed photon energy range. 

Integrat ing over the final state photon energy and 
angular distribution we plot t he total cross-section 

• ., ".- ru It. o t 
",-rctt Hl .... m-nIUtY'l 

FIG. 6: Lab frame differen ial cross-sect ion contour plot 
with beam energy E t , = 500 MeV. Angu ar and energet ic 
project ions are shown for conveni nee 

01 Ot ,~, .'l ~ ~ .. 0 1 • • O • .. , I 

FIG . 7: Lab frame d ifferential cross-section contour pi t 
with beam energy Ee, = 1000 MeV. Angular and energetic 
projections are shown ~ r convenience 

' 0 .... 5000 
• ( "'V ) 

FTG . 8: Total cross-section as a function of neutrino beam 
energy. A log seal insert plot is given to emphasize the 
low energy region of interest. 

as a function of neutrino beam energy in figure 8. At 
high energies the cross-section grows as JE": and near 
threshold as E~. A logarithmic insert plot showing the 
low energy region of interest in included for conve­
nience. Her , the cross-section is roughly three orders 
of magni tude smaller than the typical harged cur­
rent cross-sections [18] . However, this may still affect 
current [2, 3] and fut ure [9] experiments. Addit ion­
ally, long baseline and pre ision s at tering neutrino 
experiments performed at higher energies (see, for ex­
ample [19- 23] and references therein) will be sensitive 
to this lass of processes with an order of magnitude 
enhanced cross-section . 

B. Interference Effects 

We now iscuss the interf r nee effects resulting 
£l-om t h addition of the pO exchang diagram of figllr 
1. W point out that the pO exchange mode's scatter­
ing amplitude will have the same form as in the w ase 
with different (b ut st ill phenomenologically extracted) 
coupling constants and exchanged masses l\1w ~ lvIpo. 
The couplings only effect the overall magnitude whil 
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the meson masses can also infl uence the cross-section 
shape. Since lvIw rv lvIpo [14] we see that the result­
ing spectral dist ributions should be nlmost ident ical. 
Thus, it is enough to consider variations between in 
the overall scattering magnitudes induced by coupling 
coustant differences. 

Such relative differences 0 cur due to the Jr -

, - meson vertex as well as in the meson- Z mixing 
term. In the first caBe the l'elevallt coupling constants 
were alculated in subsection II A l ading to a sup­
pression 

9rrfTC = O.55NIw = 0. 31. 
gw,,(rr 1.8AJp 

(19) 

T he meson-Z mixing contr ibut ion is less t rivial to 
understand. On the basis of SU(3) Havor symme ry, 
oue expects similar results fo r the pO - Z and w - Z 
mixing terms up to isospin effect s. Looking at t he self 
energy <.liao-ram in figure 2 we see that the w couples 

qUally to the u and d quarks that contr ibute to t he 
loop whereas the pO does so with opposite signl:i due 
to ifiospin . Th otanuard model couplings are 

gz uu 
9 8 ., - -( -Sa - 1) 

4cew 3 W 

9 4 2 -(1-- 911 ) 4c 3 ' U I\ ' • ew 

(20) 

(21 ) 

As might be expected from the fact that the Z -boson 
b dominantly isospin one like the p , the Z - p mixing 
is nhauce<.l relative Lo he Z - w mixing. C mhining 
this reasoning with SU(3) fl avor symmetry breaking 
manifest in deviauiollS of 9 prjij / 9 wqq from unity we find 

9pZ = gZdd - gzu u X [Jpq tj 

9wz YZdd + 9Zn fi 9 wqll 
(22) 

r (p -} JrJr) cjJ( W ----') Jr7flf) = 4 1 
r (w ----') JrJrJr ) cjJ( p ----') JrJr) . , 

where the 1> s denote phase space in tegrals required 
for the mel:ion- q - q coupling constant extractions. 

Thus. we estimate comparable cross-sections given 
by 

a- il / a-W ~ (9 p-'y- rr / Yw- i- rr )2 x (9pz/9wz)2 ~ 1.6, 
(23) 

which arise. from the accidenta l cancella ion of of th 
meson-1r - r suppression and th meson-Z mixing 
enhancement. 

The amplit ur!ps for these processes are similar, aud 
sibrnincant interference is expected to occur. From 
t his effect the overall cro::ss-sec tions may be modified 
by a factor between 0.07 Clnd 5.1 for total destruc­
tive and constructive interference respectively. Within 
the framework of the triangl anomaly [12] one may 
gain a handle on the relative inter fe rence phase hy 
considering the low energy limit where the w and p 

contributiollS must sum to yield the JrlJ - r - Z cou­
pling equal to 1 - 4s~w ' T his is small and picks out 
the lower bound of our interferenc I' gion. However l 
sincp t he phase relations of our phenomenological am­
plitudes are not fixed and are independent of the t ri­
angle anomaly, isospin const raints from the quark cou­
plings to the Z-boson cannot be applied. This allows 
for additional lat itude in matching experimental l'C­

~ults . Cross-sect ion yielded by t he lower limit fall 
well below expected future experimental sensitivities 
and th ,refore forms a negligible background . Contri­
butions a t the upper limit would have a substantial 
observable impact on precision rrH~I:\.tiUrements and as 
such should be included in future experimentall\.IIonte 
Carlos. 

IV . C O NCLU SIONS AN D OUTLOOK 

Other processes, related to those in figure 1, such 
as by the exchange of the w and lfO for other mesons 
(with he same quantum numbers) , will cOllLr ibute 
Lu similar prod uction of photons in the final state . 
T hese will differ from our calculation only by the COll­

pling constants and meSOll masses which are neces­
sari ly heavier and should lead to propagator suppres­
sions. 

From evaluating the diagrams ill figure 1 it is clear 
t hat his process class yields identical results for both 
neut rinos and anti-neutrinos. The only differenc:e l>e­
tween these cunplit udes resi es in a sign change at the 
axial-vector neu tri no-Z ('onpling which vani::;hes when 
Lorentz contracted with the res t of the diagram, sym­
metric under t he free indices at the vertex. Addi­
t ionally, we find by means of d irect computation that 
many variants of figure 1 vanish due to similar sym­
metry reasons. In particular, amplitudes from dia­
grams with axial vector or pseudo scalar, as oppos d 
to vector, meson exchange vanish. Additionally, the 
"reversed" diagra.m where the Jr0 couples to the neu­
t rino line yields a null contrihution. vVe point out that 
su h 1:1 contribut ion, if nonzero in principle, wOllld he 
highly suppressed hy t he Jr - II - 1/ coupliug. 

Throughout t his analysis we have used an on-shell 
coupling streng h for the w - Jr - " verLex, which is 
a commonly used phenomenological h'chnique. The 
slow variation of the computed Z - w mixing sup­
por ts such an approach , but a three body interact ioll 
could behave differently in which case one would ex­
pect a decrease in amplitude a~ ertex form factor::; 
act to suppr 5S the ffec t iv coupling [2-11. The ver­
tex st ructure for the w - q - q coupling, a lso obtained 
from an oll-shell decay, produces the same kind ot un­
cer tainties. We believe that this issue is not a serious 
problem for our analysis as t he Z - w mixing is only 
used within a few mass squar d units from the on-shell 
point. 

Anot. her potential hackground ill lJ appearance 

.5 
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searches occur when the a decay photon from a pro­
duced 1fo is lost to the detector leaving a single photon 
faking an electr n track. Fortunately, in this case t he 
event rate can be normalized to the corresponding pro­
cess in charged current neutrino scattering, which pro­
duces a neutral pion in conjunction with the charged 
lepton. Although this may dominantly occur due t 
intermediate state processes , such as produ tion f a 
.6. baryon or N* followed by its decay back to a nucleon 
and a pion (see [25] and reference therein), concern 
also arises regarding ot her processes, including those 
that may be coherent over the ent ire nu lear t arget 
with an amplified rate [26, 27]. T he preceding anal­
ysis may be appli d , in an analogous way, to coher­
ent t-channel pion production. T his parallel process 
is interesting from the interference point of view. If 
the interference is destructive for photon production, 
there can be a significant difference between coherent 
pion production between charged and neutral current 
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