Weak Pion Production off the Nucleon

Mohammad Rafi Alam

NuINT‘2015 2015 1/ 34



Motivations

Neutrino energy of ~ 1GeV is quite important for oscillation studies
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In this energy region the major contribution to the cross section comes from
CCQE, CClm, NC17 production processes.
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One pion production from nucleons and nuclei has been a topic of great
interest because of the measurements by MiniBooNE, K2K, T2K etc. and
many experiments like NOvA, MINERvA measuring pion production from
v /v induced interaction from nuclear targets.
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Recently, Wilkinson et al. has reanalyzed ANL and BNL data and it seems
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Keeping the reanalysis in mind, in this work I am going to present one pion
production off the nucleon.
We consider:

)

)

A Resonance(J = %+,I = %) contribution

Background terms due to nucleon and pion pole, contact term using
non-linear ¢ model.

Higher resonances from second resonance region
» J=1Tandr=1: Py1(1440)
» J=1 andI=13: S11(1535), S11(1650)
> J=3"and1=1": P13(1720)
» J=3 andI=3%: D13(1520)

For the higher resonances we have used Helicity amplitudes obtained from
the MAID analysis to determine the vector form factors. For the axial
form factors, first to fix the axial coupling strength we have used the decay
widths and branching ratio from PDG for R — N7 pion decay mode.
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Charged current(CC)

v,p— Imprt
v,n— I"nrt

-0
vn— 1" pw

NuINT‘2015

2015

5 / 34



Charged current(CC)
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Charged current(CC)
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A Resonance
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A Resonance
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A Resonance
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A Resonance

3 OV 4‘/ CV

Vi = i —=(Guvfl — @) + W(guuq “PR— @WPRu) T —5 7z (9uvq-P— qupp) + gu CF
3 4 cA i o4

Al = { (G f — @wyp) + M42 (9004 PR — @wPR,) + CF g + — 2z | 5

Vector Form Factors = CVC — G/ (Q*) =0
> (i=3,4,5) are determined from electron scattering
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Az, = M = (g — @)+ 5 2 (uvq-Pr— (IVPRH) + C5 v + 5 M2 Qvu [ 75

Vector Form Factors = CVC — G/ (Q*) =0
> (i=3,4,5) are determined from electron scattering

~ 2.13 1
G5 (Q%) x ;
’ @R " 14 %

~ —1.51 1 :

oyQ?) = % —, O. Lalakulich et al, Phys.
(1+Q/M7)? 14 & Rev. D 74, 014009 (2006).

o 0.48 1

OEV(QQ) = b} X )
+Q@RY " 14
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A Resonance

3 ey cy oA

Vi, = Vi —=(guvfl — @) + W(guuq ‘PR~ QPRu) + 5 72 (9uvq-P— qupn) + guv CF
3 o cp o4

Apy = - M = (g — @)+ 5 2 (uvq-Pr— ‘IVPRH) + 05 Guv + —3 M2 Qvdu [ 75

Axial Vector Form Factors = Dominant Contribution from C£(Q?)
C4(0) (1 + W)

(1+Q2/m2,)”
with coefficients a = —1.21 and b =2

The Q2 dependence of 6’5‘4(622) is parameterized C‘A(QZ) _
by Schreiner and von Hippel in the Adler’s model : 5 -
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Modified dipole form

C£(0) 1

CAQ?) = .
5 (Q ) (1+Q2/M3‘A)2 1+ QQ/(gMjA)
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A Resonance
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A Resonance
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Az, = 2 e = @) + 515 (v PR~ wpry)+ O guw + =5 AR

Axial Vector Form Factors = PCAC & Goldberger-Treiman relation
Adler’s Model
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Non-resonant background

o SU(2) non-linear o model Lagrangian.

o All the couplings are determined in terms of well known parameters like
pion decay constant(f;) and axial charge (ga).

9 Introduced form factors to incorporate the nucleon structure.

Loy = %i’v“vsz(aud?)‘lf—%\T’vﬁ(c;xa“g)i’—?(¢> 060" S — (60, 6) (60" ) )
2T
(@) - Mo [5 20,5 (80,828 w0 )

Vector and axial vector current are obtained using the above Lagrangian.

E. Hernandez, J. Nieves and M. Valverde
Phys. Rev. D 76, 033005 (2007). J
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Non-resonant background
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- |
Non-resonant background
TH = VH_ AL
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Non-resonant background
Vi Fi(@) + B(Q)io™ &
y
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Non-resonant background

TH ~ Ayt — gfwuaf) TH ~ yH TH ~ 7“75
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Charged Current Process

J~f1,2(Q2) — f1‘f2(Q2) = f1p,2(Q2) —f1732(Q2),
Axial form factor(fa(Q?)) is generally taken to be of dipole form,

. Q2172
(@) =1a(@)=110) 1+ 107]
A
2M2 2
fP(Qz) = m%ff(QQQ )
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Plup = Vaa A0 oo LI [VEG) - 4% (0] (),
Plop = Vi AP0 [V{0) - 45(0)] st s
Mlor = Vaa ATUE ) (9af (@)% —Fy (0= ke)?) ) u(F),

) PP 2 @, S

Hlpp = Vua A fp((q—kw))muw)ﬂuw),

lpr = Vud APFfPF(Qz)WQMU( Nvsu(p),

with V,q = cosf¢ for charged current process.
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Spin % resonance
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Spin % resonance
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Spin % resonance

2 2
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R R

Positive parity state T/ | = V' — A%
3 2 2

Negative parity state I'/ _ = {Vg - A’Q V5
2
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Spin L resonance
1)
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Spin % resonance

3 _ P+ g+ M
12 = Vg CRUB ) frys —— (B,
J |R i Vug Cu(P") frvs P+ q)? — M2+ ic %u(p)
1 /
Mk . R~ (= I\ P —g+M .
J |CR = ¢ VyCTu(p )F%—(p,_q)Q_M2+i€}éﬁ75u(p),

Electromagnetic transition form factors calculated in terms of
Helicity amplitudes taken from MAID analysis

Apl,n _ 2ra (MR:*:M)2+Q2 Q2 nyn_,’_ MR:tMFZp,n
3 M MZ-—M? 4M2 2M

Sp,n — = E(M:tMR)2+Q2 (MR:FM)2+Q2 [MRiMFp,n_Fp,n]
3 M MZ-M? AMpM oM 1 2

upper sign for Positive & lower sign for Negative parity state.
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Spin 3 € Isospin L resonance
pin 5 pin 5
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Spm @Isospm resonance
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Spm @]sospm resonance
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|3 k3 a5 P32 8 =
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Vector form factor are determined from Helicity amplitudes
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Axial-Vector form factors

No data are available for higher resonances to fix axial form-factors )
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Axial-Vector form factors

No data are available for higher resonances to fix axial form-factors J

Dipole—form —
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™

The couplings fR% & fR% are R

determined from the R — N7 decay

rate
N
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- |
Axial-Vector form factors

No data are available for higher resonances to fix axial form-factors )
Dipole—form =
F4(0 o0
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(1 = —2> <1 + —2>
MA MA
PCAC & Goldberger-Treiman relation
le fR§
F =-2 7r72, A =-2 7r72
4(0) = 212 G0 =212,
oy (MMp+M?) 2 Ap 2y (MMpEM?) 4 o
Fp(Q )ZWFA(Q ) e (Q )ZWC% (@)

)SAKA, JAPAN NuINT‘2015 2015 18 / 34




form—factors

Lo
15

CE
Q(Gev?)

NuINT‘2015 2015 19 / 34



FExperiments were performed on Deuteron targets
BNL 7-foot deuterium bubble chamber
Argonne 12-foot bubble chamber
° v, d— pprtng
° v,d— pu”prOps

o vud— p nrtps

do M do
— d d ] dyi2 7%
(dQQdW)Vd / py[¥a(py) B \dQdW ] o henr’
Deuteron four momenta p* = (Ez‘f ,pg)
energy of the off shell proton inside the deuteron

E;;l(: MDeuteron 1/ M? + |pg|2)

Mp ewteron is the deuteron mass
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Neutrino induced Charged-current pion production
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Neutrino induced Charged-current pion production
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Neutrino induced Charged-current pion production
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Neutrino induced Charged-current pion production
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Antineutrino induced Charged-current pion production
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Antineutrino induced Charged-current pion production
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Antineutrino induced Charged-current pion production
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Individual contribution of various resonances for v,n — g~ nr" and
vup — ptpr™ channel.
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Neutral Current induced one pion production
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Non-resonant background
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Non-resonant background

v,p =, nmwt v,p— Dlpﬂ'o
v,p— leﬂo vp—v, nw T
v,n— Vlmro v,n— Dlmro
vn—v,pr vn— v pr
.I_L —
J |NP ~ 2 ~ N . q )] u(p)7
Vi) = A(@ W' +R(Q%ic"

2M B
(fa@ne+im@ &) [0

omry-rvuereor—pores will contribute

jN
| CP Alfv(q)

NuINT‘2015 2015 26 / 34




Non-resonant background
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Non-resonant background

, + 7 v, pr°
v,p — vV, nmT v,p— U, pm
, 0 5 5 nat
v,p =V, pT v,p = ynm
v,n—v, n? v,n— v, n?
V,n—v,pr vn— v, pr .
(1 P N

2o @1
B(@) =120 |1+ ]

contribute

where 0y is the Weinberg angle.
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A— Resonance
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A— Resonance
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A— Resonance
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Spin-L Resonance
Piites
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Spin-L Resonance
pin—g
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sz’n% Resonance
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sz’n% Resonance
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Spm s and Isospm Resonance

v,p—v, nwt v,p— Dlpﬂ'o
V[p_>le7T0 17[[)—>171n7r+
v,n—v, nm? v,n— v, nm°
V,n—v,pr v,n— v, pr
( )
PR = iR ) PR R Y (r,0u(F), pR=pta
— M2 +iMglg = = ’
7 om = iR B gt R eru(s), pr=p g
cn 7 M+ il P LY 0 —OPey (PR)UE), R ==,
Direct and Cross R poles)

NuINT‘2015 2015 29 / 34




Spm s and Isospm Resonance
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Spm s and Isospm Resonance
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Neutrino induced neutral-current pion production
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Neutrino induced neutral-current pion production

0.1

0.05

o (10‘38 sz)

0

NuINT‘2015

HH‘HH‘HH‘HH HH‘HH‘HH‘HH TTTT[TTTT TTTT TTTT TTTT \\\\‘\\\\
-= A | o 1 [ ]
L MB i ANL 1980 | | . ; )
us B Fonm Jl nTt
prt | NoCut ; [ NocCut /f No Cut
L No Cut C R 7 /o ;
/ - ){’./ /4 i ya 7] /
. L /7 ol - 7] a
/ B i&i g 7 7 .
. / - <, R y
7 7 - . 4k / 4 .
S L ] RV /
~/// - i’ B i /7 ] /7
ke Dl Lo L o] LoDt d gloaS b1
0O 05 1 15 2 0 05 1 15 2 0 05 1 15 2 0 05 1
E,(GeV) E (GeV) E,(GeV) E,(GeV)

2015




E——
Neutrino induced neutral-current pion production

0-1\\\\‘\\\\‘\\\\‘\\\\ HH‘HH‘HH‘HH TTTTTTTTTTTTT]TTTT 0.1\\\\ TTTT TTTT TTTT
I Zull e ANL1980 4 | I )
— FToam A Josl 4 t
£ ’ L No Cut 1L 1L
mu | .7 N 4
% 0.05 L 74 B /[0.05—
\F_I/ - . L i L
o — - ]

N

N
L |
S
&

7
Sl ool ‘

0 0
0 05 1 15 2 0 05 1 15 2% 05 1 15 2% 05 1 15 2
E,(GeV) E (GeV) E,(GeV) E,(GeV)

NuINT‘2015 2015 30 / 34




Antineutrino induced neutral-current pion production
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Antineutrino induced neutral-current pion production
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Antineutrino induced neutral-current pion production
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Individual contribution of various resonances for vp — vpr® and vp — vprY.
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Conclusion

@ We have studied single charged current and neutral current one pion
production in the energy region of E, /; <2GeV and have considered the
following contributions:

» A resonance
» Background nonresonant
» Higher resonances

o The axial mass M4 = 1.026GeV and C3(0) = 1.0 in the axial form factor
C5(@Q?) for A resonance are obtained from the reanalyzed data of ANL
and BNL when nonresonant background terms and higher resonances are
taken into account in a coherent way.

@ The enhancement in the cross section due to the presence of non-resonant
background terms at E, =1 GeV is around 12% for v,p — u”prt
process, and about 24% for v,n — p*nw~ process.
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The non-resonant contributions in the case of v, n — p~ nw™ process is
around 14% which becomes 42% when higher resonances are also included.

In the case of v,,p — putnm¥ process the enhancement in the cross section
due to the presence of non-resonant background terms is ~42% at E, =1
GeV, which in the case of v,,p — utpr~ process is ~16%.

The maximum contribution due to non-resonant terms is for vn — vpw—
process and the minimum contribution is for vp — vpnY.

When contribution of higher resonances are taken into account we find
the major contributions from P;1(1440) and Dj3(1520).

We plan to apply these calculation to obtain /v nucleus scattering cross
section for charged current as well as neutral current pion production
processes. We also plan to calculate the Q?, pion energy and pion angle
distribution.
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