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Motivation:
MiniBooNE “low” energy excess
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New hadronic interactions?
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Production of single photons in the exclusive neutrino

process vN—vyN

S. S. Gershteln, Yu. Ya. Komachenko, and M. Yu. Khlopov

Institute of High Energy Physics, Serpukhov
(Submitted 16 January 1981)
Yad. Fiz. 33, 1597-1604 (June 1981)

It is shown that the experimentally observed production of single photons in neutrino interactions involving
neutral currents without visible accompaniment of other particles can be explained by the scattering of the
neutrino by a virtual @ meson with small momentum transfer to a nucleon and subsequent coherent

enhancement of the process in the nucleus.

PACS numbers: 13.15. + g, 14.80.Kx

1. INTRODUCTION

i iments performed atlgERN using the
chamber Gar;amellj, more than ten events were de-
tected in which as observed that single photons with
ene rgere produced without visible tracks
of any other particles.! It can be assumed that the ob-

served events correspond to the weak-electromagnetic
process of single-photon production in the reaction

vN—=vylV, - (1)

Huom 3 700 P00, (3)
M

in which T is the vertex for emission of a virtual me-
son (M) by the target nucleon, P% ig the meson propa-
gator, and J Y = JCOIT(J ¥ (x), JE¥(y)) M)el®*irsgixgs,
is the weak-electromagnetic Z°My vertex, The notation
for the particle momenta is given in Fig. 2.

In accordance with the estimates of Ref. 3, we shall
take into account the contributions to the diagram of Fig,
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A phenomenological study of photon production in low energy
heutrino nucleon scattering

James Jenkins and T. Goldman
Theoretical Division, Los Alamos National Laboratory, Los Alamos, NM 87545

Low energy photon production is an important background to many current and future precision neutrino
experiments. We present a phenomenological study of t-channel radiative corrections to neutral current neu-
trino nucleus scattering. After introducing the relevant processes and phenomenological coupling constants,
we will explore the derived energy and angular distributions as well as total cross-section predictions along
their estimated uncertainties. This is supplemented throughout with comments on possible experimental signa-

tures and implications. We conclude with a general discussion of the analysis in the context of complimentary
methodologies.
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Low energy theory:
Quantum Hadronynamics (QHD)



QHD

NN interactions (relativistic field theory since 1970):

- YA

SN

" Lngey = Ny (8, +ig,py +ig.V,
+gav"y> @ — M + g:$)N

B. Serot and J. Walecka, Adv. Nucl. Phys. 16, 1 (1986)
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QHD

NN interactions (relativistic field theory since 1970).

 Mean-field approximation (RMF): works for nuclear
matter and mid-heavy nuclei; meson fields develop
expectation values; nucleon spin-orbital coupling...

hist = Lg‘ (‘ .) fo 1dW O(U‘I)jo‘-L

ZMMr dr




QHD

NN interactions (relativistic field theory since 1970).

 Mean-field approximation (RMF): works for nuclear
matter and mid-heavy nuclei; meson fields develop
expectation values; nucleon spin-orbital coupling...

e Symmetries and currents: Lorentz, EM gauge, Chiral
(breaking)—> CVC and PCAC

SU(2), © SU(2)r © U(1)z

Y. Hu, J. Mclintire, and B. Serot (NPA 794:187, 2007)



QHD

NN interactions (relativistic field theory since 1970).

Mean-field approximation (RMF): works for nuclear
matter and mid-heavy nuclei; meson fields develop
expectation values; nucleon spin-orbital coupling...

Symmetries and currents.
Introduce Delta resonance, Delta medium modifications.

L = T‘ﬂ (oMY (i F‘J—hﬁ ﬁ—@—m —1—}5’: Apy

B. Serot and X.Z., Advances in QFT (InTech, 2012) (arXiv:1110.2760)

Pion dynamics (optical potential)
Lane=hsA" T4, Ny +c

Loop calculation: Y. Hu, J. Mcintire, and B. Serot NPA 794, 187 (2007)
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Axial-vector current in nuclear many-body physics

Sergei M. Ananyan™® and Brian D. Serot’
Department of Physics and Nuclear Theory Center, Indiana University, Bloomington, Indiana 47405

John Dirk Walecka?
Department of Physics, The College of William and Mary, Williamsburg, Virginia 23187
(Received 10 July 2002: published 27 November 2002)

Weak-interaction currents are studied in a recently proposed effective field theory of the nuclear many-body
problem. The Lorentz-invariant effective field theory contains nucleons, pions, as well as isoscalar. scalar (o)
and vector (@) fields, and isovector, vector (p) fields. The theory exhibits a nonlinear realization of SU(2);
X SU(2)p chiral symmetry and has three desirable features: it uses the same degrees of freedom to describe the
axial-vector current and the strong-interaction dynamics, it satisfies the symmetries of the underlying theory of
quantum chromodynamics. and its parameters can be calibrated using strong-interaction phenomena, like
hadron scattering or the empirical properties of finite nuclei. Moreover, it has recently been verified that for
normal nuclear systems, it is possible to systematically expand the effective Lagrangian in powers of the meson
fields (and their derivatives) and to reliably truncate the expansion after the first few orders. Here it is shown
that the expressions for the axial-vector current, evaluated through the first few orders in the field expansion,
satisty both PCAC and the Goldberger-Treiman relation, and it is verified that the corresponding vector and
axial-vector charges satisfy the familiar chiral charge algebra. Explicit results are derived for the Iorentz-

covariant, axial-vector, two-nucleon amplitudes, from|which axial-vector meson-exchange currents|can be
deduced.

Two-body currents
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Pion production off the nucleon
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B. Serot and X.Z., Phys. Rev. C 86, 015501 (2012) (arXiv:1206.3812)



Nucleon current form factors
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Nucleon current form factors
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Meson Dominance. This will be used in high energy
extrapolation.
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Transition form factors
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NC photon production off the nucleon
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Nuclear effects in the incoherent and
coherent productions



Incoherent productions
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Incoherent productions

Medium
modification of
T f(} intermediate
L states: N and
E‘,J_E Delta
—— ‘
Lll?
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Incoherent productions

| Pion FSI,
Final nucleon '
. optical
wave function, E——) -
- potential,
final state Photon has

inte.ractlon (FS.I), no ES|
optical potential Z \
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Delta in the nuclear medium

e Self energy: real part =2 spin-orbital coupling
in nucleus
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Y. Horikawa, M. Thies, and F. Lenz, Nucl.Phys.A 345, 386 (1980).
S.X. Nakamura, T. Sato, T.-S. H. Lee, B. Szczerbinska, and K. Kubodera,

Phys.Rev.C81, 035502 (2010).
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Delta in the nuclear medium

e Self energy: real part = spin-orbital couplingin
nucleus

e Self energy: imaginary part; collision broadening

’ Vo 2 80 MeV
- plr)
rﬂp — 1'{} X —/=
0(0)

E. Oset and L. Salcedo, Nucl.Phys.A 468, 631 (1987)



* Check:incoherent electro-production of pion

from C12.
(b)
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* Check:incoherent electro-production of pion
from C12.
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do/dq’dQ [10%em?/(GeV sr nucleon)]
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do/dqdQ [10'em?/(GeV sr nucleon)]
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NC photon
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Coherent production of pion

]




Coherent production of pion

I” approximation (factorization):
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 photo-production of pions from C12.
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MiniBooNE NC photon events:
extrapolation to Enu™ GeV region



MiniBooNE NC photon
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MiniBooNE NC photon events

Eqr(GeV) [0.2,0.3] 10.3,0.475] 10.475, 1.25]
coh 1.5(2.9) 6.0 (9.2) 2.1(8.0)

inc 12.0 (14.1) 25.5 (31L.1) 12.6 (23.2)

H 4.1 (4.4) 10.6 (11.6) 46 (6.3)
Total 17.6 (21.4) 42.1 (51.9) 19.3 (37.5)

MiniBN 19.5 473 19.4

Excess 426+253 8224233 2151349
Eqr(GeV) [0.2,0.3] 10.3,0.475] 0.475,1.25]
coh 1.0 (2.2) 3.1(5.5) 0.87 (54
inc 45(53) 10.0 (12.2) 4.0 (10.2)
H 1.3 (1.6) 3.6 (4.3) 1.1 (2.4)
Total 6.8 (9.1) 16.7 (22.0) 6.0 (18.0)
MiniBN 8.8 16.9 6.8
Excess 3461136 2351134 2021228

Xection
needs t

least.

o be
doubled at
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MiniBooNE NC photon events

E.,(GeV) coh inc H Total |MiniBN |Excess
0.1, 0.2]]0.72 (1.5)|14.0 (15.0)| 4.4 (4.6) |19.1 (21.1)| 10.6 52.5
0.2, 0.3]] 3.2 (5.5) |22.7 (25.2)| 7.8 (8.5) |33.7 (39.2)| 325 61.2
0.3, 0.4]] 3.7 (5.4) |12.7 (15.0)| 5.0 (5.6) |21.4 (26.0)| 24.7 58.4
0.4,05]|1.0(1L.7)]| 54(73) |2.1(24)|85(11.4)| 127 | =9.7
0.5, 0.6]]0.32 (1.0)| 2.3 (3.9) |0.75 (1.0)| 3.4 (5.9) 4.4 10.5
E.(GeV) coh inc H Total |MimiBN |Excess
[0.1,0.2]] 0.55 (1.2) | 4.9 (5.5) | 1.4 (1.6) | 6.9 (8.3) 4.3 18.8
[0.2,0.3]] 2.0 (3.8) |8.7(10.3)| 2.9 (3.3) (13.6 (17.4)| 14.3 22.6
0.3,04] 1.8 (3.0) |4.0(54)| 1.5(1.8) | 7.3 (10.2) 9.1 11.5
0.4, 0.5]]0.36 (1.0) | 1.3 (2.6) |0.43 (0.66)| 2.1 (4.3) 3.6 18.7
0.5, 0.6]]0.10 (0.72)|0.51 (1.7)]0.14 (0.36)| 0.75 (2.8) 1.1 8.4
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Oiotal (fRAIN)

Proceedings of the DPF-2009 Conference, Detroit, MI, July 27-31, 2009

A phenomenological study of photon production in low energy
heutrino nucleon scattering

James Jenkins and T. Goldman
Theoretical Division, Los Alamos National Laboratory, Los Alamos, NM 87545
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Summary and questions



QHD~- bound state, electroweak currents,
pion dynamics, baryon spectrum modification

Reaction kernel, medium modification, and
approximation schemes

NC photon event at MiniBooNE

Axial transition form factors?

The contact term: couplings and form factors?
LFG and optimal factorization?

Experimental measurement?

Would photon production help constrain FSIs?
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Back up



A quick look:

e Chiral symmetry in QCD: SU(2);p @ SU(2)r @ U(1)p
L= Locp +qyu(vF + Bv}(;] + 53t ) —q(s —iysp)q

: B
B(x + T’ B(x
JLA — €exp [—:%l (exp [Iﬂu(l’) 2D ILB = exp {—:(T)] (L)EIILB;

. ! .
R — exp [—;@] exp [591{:‘(1’) ;} R = exp {—iﬂiq Rqr,

CVCand (P)CAC
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A quick look:

e Chiral symmetry in QCD:
e |ts nonlinear realization at low energy EFT:

i(x) symmetry spontaneous breaking

2

U = exp rf] — LUR',

fr

E= VU =exp [1% rf] — Leht = heRt,

I

L - ok e I
Uy = 7[@*(% —ily )5+ (0 —zr},)g’t] = ziz-ﬁi” — ETJH}IJr —ih ayh’t ,

Ty = — [ (9 — il )& = €(0y — iry) &) = Byt — hiiyh',
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A quick look:

e Chiral symmetry in QCD:
e |ts nonlinear realization at low energy EFT:

(5;tl,b):1 = (0 + 10y — v ) g — exp —if(x)B] f!f(i@)ﬁ ;
uu — _f[ﬁgu ﬁv] — ﬁ}wm ;
f o ey
;w =G fLuw G +0fRw G — by h™,

;w = f:JrfL;wé Gf Ryy Q]L hFuu /
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A quick look:

 The lagrangian, baryon section:

Lnees = Ny 10, +igopu +ig,Vy]
+gav"y a4y — M + gs¢)N

—I —ua

La=— B de™, G F—hy p—hy ¥ —m+hd)l Ap,
. —lfl A
Lanz=hsA" TG, Ny +cc,
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A quick look:

e The lagrangian, baryon section.
 The lagrangian, meson section:

ﬁmesnn{ﬁﬂgﬂr} = % 3#[;& "¢ + Jlrff Tllll'i;U(g#Uﬂ
STy -
gy MU+ U =2) Vector

TI‘ (Puup™’) = V“”V meson

dominanc
( Puv) + 1 Y Vi) e (VMD)
Qg},
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A quick look:

e Electroweak (EW) interactions:

/ U L8 in2p, 0z
J— —f — ":lﬂ
p 2 T cosby p
8 TUz Vg (Wt L+ W1
cosfy 2 # ) ko2
0 0
T f 7 T
r, = —e—A,+ sin“ 0., — 7, ,
; 7 T sy T ey A
A+ -8 0.tz
V(S]J‘H — —{E 'H—|_(_{j*-,9w Sin wi "

1);
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A quick look:

e Electroweak (EW) interactions:

Lm—ﬁf’mW“AF“ﬂ‘N } A;ﬁg”,yﬁmp oy +;‘Ta“ THAGE N,

d —! d —i
44 1a7A N

DA —1 s:/~ )y | /
—M%A# Tgm(axlF( ““)NA—WA h T“AF;'[ : NA_F UnTl PPN e,

f{‘ f M
r:m_ﬁa TN, 4 J"GA iy TG, " wﬁﬁpwr YN 4
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A quick look (recap)

e Chiral symmetry
 The lagrangian

e Electroweak interactions (CVC
and PCAC)

e Two-body currents
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Where Are the Pions?

e For nuclear equation of state (EOS), 1- and 2-
loop calculations (including pion) are done by
Y. Hu, J. Mclintire, and B. Serot (NPA 794:187,

2007); Infrared Regularization.

ah
L/




Spin-3/2 Particle in EFT

e Redundant degrees of freedom in Rarita-

Schwinger representation ( do NOT show up.

; 3 0GL) 0(3) DEL), ol 31y o03) | OGL)
Sp = (Sp? +Sp7 )+ (S +Sp 7 )LD + DE) (87 + 552 4 -
e IRLC ISTEApRIE ,
= Sp 7+ SpT 08T 4 This can be
? : 3 .
y @ YxGhgi LD generalized to
other spins

Related work: V. Pascalutsa, PRD 58: 096002, 1998; V. P and D.

Phillips, PRC 67: 055202, 2003; H. Krebs, E. Epelbaum, and U.
Meissner, PRC 80: 028201, 2009; PLB 683: 222, 2010
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Spin-3/2 Particle in EFT

e Redundant degrees of freedom in Rarita-
Schwinger representation ( ¢* ) do NOT show up.
e Off-shell couplings:

Ny T o TH
YUk, G0k 0y, and 0,0
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