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Introduction
Motivation:

neutrino oscillation experiments use νℓ-nucleus interactions to
reconstruct νℓ energy
▶ νe appearance ⇒ νen → e−p background: (NC) νµN → νµN′π0

▶ νµ disappearance ⇒ νµn → µ−p background: (CC) νµN → µ−N′π
[Formaggio and Zeller, Reviews of Modern Physics, 2012]

Experimental data:
Argonne National Laboratory

[Wilkinson et al., Phys.Rev.D, 2014]

Other theoretical work:
covariant ChPT
[Yao et al., Phys.Rev.D, 2018]
▶ one-loop
▶ inclusion of ∆ on tree-level
HNV-model (Hernández, Nieves, Valverde)
[Hernandez et al., Phys.Rev.D, 2007]
▶ tree diagrams with ∆

from SU(2) non-linear σ model
▶ form factors of WN∆

and N∆π vertices fitted to data
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2. Strucuture of amplitude

Amplitude:

Tfi =
GF|Vud|√

2
ūℓ(k2)γµ(1− γ5)uν(k1)Hba

µ

with Hba
µ =

〈
N′πb ∣∣Va

µ(0)− Aa
µ(0)

∣∣N
〉

Isospin decomposition:

Hba
µ (s2, t1, t) = χ†

N′(δ
abH+

µ + iϵbacτ cH−
µ )χN


H+

µ−H−
µ , νℓp→ℓ−pπ+/ν̄ℓn→ℓ+nπ−

H+
µ+H−

µ , νℓn→ℓ−nπ+/ν̄ℓp→ℓ+pπ−

√
2H−

µ , νℓn→ℓ−pπ0/ν̄ℓp→ℓ+nπ0

Lorentz vector and axial-vector operators:

H±
µ = ūN′

[ 8∑
i=1

A±
i OA

µ,i + V±
i OV

µ,i
]
uN with OV

µ,i = OA
µ,iγ5

CVC: #OV
µ reduces to 6

OA
µ,1=qµ, OA

µ,2=pi,µ, OA
µ,3=pf,µ, OA

µ,4=/qqµ,

OA
µ,5=/qpi,µ, OA

µ,6=/qpf,µ, OA
µ,7=γµ/q, OA

µ,8=γµ
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3. Calculation of hadronic current
Effective Lagrangians:

L(2)
ππ , L(4)

ππ → F, ℓ3, ℓ4, ℓ6 [Gasser, Annals of Physics, 1984]

L(1)
πN → g̊A L(2)

πN → c1 , c2 , c3 , c4 , c6 [Fettes et al., Annals of Physics, 2000]

L(3)
πN → d1, d2 , d3 , d4, d5 , d6, d8 , d14, d15 , d18 , d20 , d21 , d22 , d23

L(1)
π∆, L

(1)
πN∆, → g̊1, h̊A L(2)

πN∆ → b1 , b2, /b3, b7, /b8 [Rijneveen, 2020]

L(3)
πN∆ → f1, /f2︸ ︷︷ ︸

[Yao et al., JHEP, 2016]

, h1 , h4, h7, /h15, /h16, h31, /h32︸ ︷︷ ︸
[Zöller, 2014]

, /f19︸︷︷︸
[Jiang et al., Phys.Rev.D, 2018]

num. values for LEC‘s of O(p2) & O(p3): [Yao et al., Phys.Rev.D, 2018] [Rijneveen, 2020]

W± enters through external fields ℓµ = −
gWVud

2
ℓa
µτa with W±

µ =
1
√
2
(ℓ1µ ∓ iℓ2µ)
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3. Calculation of hadronic current
Feynman diagrams:

O(p) :

O(p2) : 4 + 8∆ & O(p3) : 19 + 16∆ + 89 loop + 170 ∆-loop
chiral order = 4L +

∑
i iVi − 2Iπ − IN − I∆

calculation of diagrams: FeynArts + FeynCalc + custom routines
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3. Calculation of hadronic current
Renormalization

UV divergencies substracted in modified MS scheme
power counting breaking terms (PCBT) subtracted in EOMS scheme
▶ extraction of PCBT´s: expansion of integrand in small quantities

before integration of Schwinger parameters ξ1&ξ2
▶ integrals including ∆ often require Mellin-Barnes representation:

(δξ2+m2
N(1−ξ1))

−X =

∫ i∞

−i∞

Γ(−t)Γ(X + t)
2πiΓ(X) (m2

N(1−ξ1))
t(δξ2))

X−tdt

with δ = m2
∆ − m2

N

▶ expansion of hypergeometrical functions around D=4 using HypExp
[Huber and Maître, CPC, 2008]

▶ PCBT´s are given in terms of basic Passarino-Veltman integrals
A0(m2

N), A0(m2
∆), B0(m2

N, 0,m2
∆), B0(m2

∆, 0,m2
N),

C0(m2
N, 0,m2

∆, 0,m2
∆,m2

N), C0(m2
N, 0,m2

∆, 0,m2
∆,m2

∆), C0(m2
N, 0,m2

∆, 0,m2
N,m2

N)
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3. Calculation of hadronic current
Renormalization

masses: mN = m̊N − ΣN(m2
N), Mπ = M − Σπ(M2

π)

and m̊∆ = z∆ +Σ∆(z2∆) with z∆ = m∆ − iΓ∆

2
(complex mass scheme)

LO couplings
▶ axial vector coupling gA〈

N
∣∣Aµ

i (0)
∣∣N′〉 = ū (pf)

[
γµGA(q2) +

qµ

2mN
GP(q2)

]
γ5

τi

2
u (pi)

GA(0) = gA = g̊A + 4d16M2
π + gAδZN + δloop

gA

▶ nucleon-to-delta axial vector coupling hA〈
∆

∣∣Aµ
i (0)

∣∣N
〉
= ξiaūλ (pf)

∑
j=3,4,5,6

Oλµ
j CA

j (q2)u (pi)

CA
5(0) = hA = h̊A + 2h4M2

π + 1
2

hAδZ∆
+ 1

2
hAδZN + δloop

hA

▶ pion decay constant Fπ

⟨0 |Lµ
a (0)|πb(q)⟩ = −iqµ Fπ

2
δab Fπ = F +

ℓ4M2
π

Fπ
+

A0(M2
π)

16π2Fπ
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3. Calculation of hadronic current
Renormalization

Hµ(s2, t, t1) =
√
ZπZNĤµ(s2, t, t1)

change to CES-basis OA/V
µ,i → ÕA/V

µ,i [Yao et al., 2018, Adler, 1968]

▶ example:
ū(OA

µ,1︸︷︷︸
=pµ

f

)u ∼ O(p0), ū(OA
µ,7︸︷︷︸

=γµ/q

)u ∼ O(p), ū(OA
µ,7−OA

µ,1)u = ū(ÕA
µ,7︸︷︷︸

= 1
2 [γµ,/q]

)u ∼ O(p)

(m∆−mN)︸ ︷︷ ︸
=δ

∼O(p0), Mπ∼(s2−m2
N)∼(u−m2

N)∼O(p), t∼ t1∼O(p2)

seperation into pole & non-pole part consistent with δ∼O(p0)
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4. Total cross section

σtot(Eν) =
1

(4π)4EνmN

∫ ω+
ℓ

ω−
ℓ

dωℓ

∫ 1

−1
dcos θℓ

∫ ω+
π

ω−
π

dωπ

∫ π

0
dϕ′

π|Tfi|2

with s = m2
N + 2mNEν , ω−

ℓ = mℓ, ω+
ℓ =

s + m2
ℓ − (Mπ + mN)2

2
√

s
and ω±

π =
1

2(m2
ℓ − 2

√
sωℓ + s)

[
(
√

s − ωℓ)(m2
ℓ − m2

N + M2
π − 2

√
sωℓ + s)

±
√

ω2
ℓ − m2

ℓ

√
(m2

ℓ − m2
N − M2

π − 2
√

sωℓ + s)2 − 4m2
NM2

π

]
1
2

∑
spins

|Tfi|2 =
G2

F |Vud|2
2 LµνHµν

▶ Hµν = Hµν
s +iHµν

a (10 symmetric and 9 antisymmetric pieces)

▶ Lµν = 8
(

k1µk2ν + k2µk1ν − k1 ·k2gµν ± iϵµναβkα1 kβ2
)

▶ write Mandelstam variables & ϵµναβkµ1 pν
f pα

i qβ in terms of ωℓ, cosθℓ, ωπ , ϕ′
π & Eν

rough uncertainty estimation: δO(p4) ≈ (O(p3) loop contribution)
√
−t1

4πFπ

numerical values for loop-functions: LoopTools [Hahn, 1999] & XPackage [Patel, 2017]

numerical 3-particle phase space integration: NIntegrate
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4. Total cross section
preliminary results: neutrino induced π production
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4. Total cross section
preliminary results: anti-neutrino induced π production
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5. Summary/Outlook

ν/ν̄ induced π production calculated in ChPT with inclusion of
∆(1232) to one-loop order
calculation of total cross section for

νℓp → ℓ−pπ+, ν̄ℓn → ℓ+nπ−

νℓn → ℓ−nπ+, ν̄ℓp → ℓ+pπ−

νℓn → ℓ−pπ0, ν̄ℓp → ℓ+nπ0

▶ only minor contribution from ∆-loop diagrams

comparison to results of [Yao et al., Phys.Rev.D, 2018]
▶ reason for deviations still needs to be resolved

further steps: calculation of differential cross section & comparison
to other theoretical predictions

Thank you!
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Backup

L(2)
πN∆=Ψ̄i,µξ

3
2
ij

[
ib1
2

F+,j
µαγ

αγ5 + ib2F−,j
µαγ

α + ib3ωj
µαγ

α

− b7
m F−,j

µαDα − b8
m ωj

µαDα

]
ΨN + h.c.

L(3)
πN∆=Ψ̄i,µξ

3
2
ij

[
if1
m [Dµ, ω

j
αβ ]γ

αDβ − f2
2m2

[Dµ, ω
j
αβ ]{Dα,Dβ}

+
h1
2m⟨F+

µατ
j⟩γ5Dα +

h4
2
⟨χ+⟩ωj

µ + ih7⟨[Dµ, χ−]τ
j⟩

− ih15
2

⟨[Dα,F+
µβ ]τ

j⟩σαβγ5 +
ih16
2m ⟨[Dα,F+

µβ ]τ
j⟩γβγ5Dα

+
ih31
2

⟨[Dµ,F−
αβ ]τ

j⟩σαβ +
ih32
m ⟨[Dµ,F−

αβ ]τ
j⟩σαβ

+
f19
2

Dα⟨F−
αµτ

j⟩
]
ΨN + h.c.
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Backup

Hµν = Hµν
s + iHµν

a with

Hµν
a =(pνf pµi − pµf pνi )H1

a + (pνf qµ − pµf qν)H2
a + (pνi qµ − pµi qν)H3

a

+ pαf pβi qγ(pνf ϵαβγµ − pµf ϵ
αβγν)H4

a + pαf pβi qγ(pνi ϵαβγµ − pµi ϵαβγν)H5
a

+ pαf pβi qγ(qνϵαβγµ − qµϵαβγν)H6
a + pαf pβi ϵαβµνH7

a

+ pαf qβϵαβµνH8
a + pαi qβϵαβµνH9

a

and

Hµν
s =gµνH1

s + pµi pνi H2
s + pµf pνf H3

s + qµqνH4
s

+ (pνf pµi + pµf pνi )H5
s + (pνf qµ + pµf qν)H6

s + (pνi qµ + pµi qν)H7
s

+ pαf pβi qγ(pνf ϵαβγµ + pµf ϵ
αβγν)H8

s + pαf pβi qγ(pνi ϵαβγµ + pµi ϵαβγν)H9
s

+ pαf pβi qγ(qνϵαβγµ + qµϵαβγν)H10
s .
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