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Introduction

Motivation:

® neutrino oscillation experiments use vy-nucleus interactions to
reconstruct vy energy

> v, appearance = v.n— e p background: (NC) v, N — v, N'7°
» v, disappearance = v,n— p~p background: (CC) v,N — p~N'm
[Formaggio and Zeller, Reviews of Modern Physics, 2012]
Experimental data: Other theoretical work:
Argonne National Laboratory m covariant ChPT
T T ] [Yao et al., Phys.Rev.D, 2018]

i

é , 2_ —+ IANL exltractedI 3
S b — ANL published ] > one-loop
T OF E » inclusion of A on tree-level
8 o08f = .
e : ‘H‘ﬂ{_ﬁ I 3 m HNV-model (Hernandez, Nieves, Valverde)
g 0i4§— it‘ﬁ- | E [Hernandez et al., Phys.Rev.D, 2007]
T ook ¥ 3 » tree diagrams with A
2k . ]
%1 b . ) . g from SU(2) non-linear o model
0 1 2 3 4 5
E, (GeV) » form factors of WNA
[Wilkinson et al., Phys.Rev.D, 2014] and NAT vertices fitted to data
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2. Strucuture of amplitude

Amplitude:
GFl Vud| — ba
T = Tug(kg)’}/#(l - 75)“V(k1)H,LL

with H? = (N7[Va(0) - 20| N) & T

Isospin decomposition:

Hi—H., wvep—=L= prt /Den—Ltnm
b. b’ + ) —
H 3(527 til 5 t) = X;r\//(aa + ie”?°T°H )XN HY+H-, ven—l—nnt /oyp—ltpr—
% 12 12 iz 1
\/§H;, ven—0~ pr® /Uy p—0T n®

Lorentz vector and axial-vector operators:
s sl

8
He =t [ AFOL, + VEOY Ju with OY,= 0% s
i=1

@4 =q @7 =pi @7 =pr, @5 =dq
. % w1 = w,2=Pips w,3 K .4 s
CVC: #0); reduces to 6 of g o of of
11,5 = AP, 11,6 = APF 15 w7 =Y w,8=Tn
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3. Calculation of hadronic current

Effective Lagrangians:

Egrzﬂ?, £5r47'2 — F, 63, €47 66 [Gasser, Annals of Physics, 1984]
RO C) _
N 8A N Sl C1 09 C2 " C3 P C4 Bl Co [Fettes et al., Annals of Physics, 2000]

5(3) —dy, do, d3, dy, ds, dg, dg, dia, di5, dig, dag, do1, doo, da3

1 1 o °
EST&, ESTI\)IA’ — 81, hA E( NA = bl, b27 lfg, b7, Hg [Rijneveen, 2020]
(3)
KL aNA 7 fla & , h1, hy, h7, h/f5a h/{67 haz, hZéQa f;{g
~—— ~—~—
[Yao et al., JHEP, 2016] [Z&ller, 2014] [Jiang et al., Phys.Rev.D, 2018]

num. values for LEC's of O(p?) & O(p®): [Yao et al., Phys.Rev.D, 2018] [Rijneveen, 2020]

1 1 02
E(Zu + IZ#)
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Vv,
W= enters through external fields ¢# = 7%61‘& with Wff =



3. Calculation of hadronic current

Feynman diagrams:

O(p) : e - T e T
o o> - - =
(A1) (E1) (©n (G1)
=% P R R SR
~ ¢ De 0

(e1) (g1) (a1) (c1)

O(p?):4+8A & O(p®):19 + 16A + 89 loop + 170 A-loop
m chiral order = 4L + ZI./'\/" — 2l — Iy — Ia

m calculation of diagrams: FeynArts + FeynCalc 4+ custom routines
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3. Calculation of hadronic current

Renormalization

m UV divergencies substracted in modified MS scheme
m power counting breaking terms (PCBT) subtracted in EOMS scheme
P extraction of PCBT “s: expansion of integrand in small quantities
before integration of Schwinger parameters £;&¢&5
» integrals including A often require Mellin-Barnes representation:

(0€atmi(1—€1)) % = / T LEOVXE Y (20 6 ))t(se0)) e

—ioco 2mi F(X)

with 6 = ma — mpy

P expansion of hypergeometrical functions around D=4 using HypExp
[Huber and Maitre, CPC, 2008]
> PCBT s are given in terms of basic Passarino-Veltman integrals
Ao (mi), Ao(md), Bo(myy,0,md), Bo(ma, 0, my),

2 2 20 o 2 2 5 o) 2 2 ol o
Co(my;, 0, ma, 0, ma, my), Co(my,0, ma,0, ma,ma), Co(my,0, mx, 0, my, my)
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3. Calculation of hadronic current

Renormalization

m masses: my = my — Sy(my), Mx = M — S (M2)

DN

and my, = za + EA(zi) with za = ma — 15

(complex mass scheme)
m LO couplings
» axial vector coupling ga

(NIAO V) = 890 [ 6a(d?) + 52— Gole?)] 25 Zu(p)

Ga(0) = ga = &a + 4d16 M2 + gadz, + 55’”
» nucleon-to-delta axial vector coupling ha

(AALO)| N) = €2ax () D OMCNGP)u(p)
j=3,4,5,6

Cé(o) = hy = i‘lA 4 2h4M3r 4 %hA(SZA -+ %hA(SZN +5,’70ADP

» pion decay constant F;

M A
Fr 1672 F
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Far
(OILL O] mo(@) = =i 6 Fr=F+



3. Calculation of hadronic current

Renormalization
| HM(SZ? t, tl) =V Zﬂ'ZNI:I,u(SQa t, tl)

m change to CES-basis O — O}/ [Yao et al., 2018, Ader, 1968]

» example:

w08 Nu~0E°), WOp)u~O(p), WOM~ON Yu=T(O)7)u~ O(p)
N~ N N
=t =Yt =1 [ ]

B (ma—my)~O(p°), My~ (s2—my)~(u—my)~O(p), t~t~O(p?)
S

m seperation into pole & non-pole part consistent with § ~O(p°)

Aon shell

pole part non-pole part
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4. Total cross section

1 S ! wr o 2
wE)=—>2 [ "4 dcos 8 d el | T
7tot(Ev) (4m)AE, my /o.)[,_ wé/—l oo e/w; wﬁ/o Pl

with s= m%,—&— 2myEy, w, = my, wZ’ = WE
s
1
d +_ - _ 2 2 M2 —92
and  wx 2(m? — 25wz 1 9) [(\/g we)(mg — mpy + Mz — 2v/swg +s)

£V} — mgV (mf — mf — M2 = 2v/5we + 9)% — dmi M2 |

1 2 G| Vud|® v
2 E [Ts|” = == R L,“,H“
spins

> HEY = HEY LiHEY (10 symmetric and 9 antisymmetric pieces)
> Luu =38 (klquV 4 k2uk1u - kl'ngp.U + iEpuaﬁk?k§>
> write Mandelstam variables & €, ki‘p?p;"qﬁ in terms of wy, costy, wr, ¢-. & E,

m rough uncertainty estimation: §O(p*) ~ (O(p®) loop contribution)M}i

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

m numerical 3-particle phase space integration: Nintegrate
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4. Total cross section

preliminary results: neutrino induced 7 production

7 ————————— I A .
. L vyp — TP 12 g
‘ N Attt 1 it H 1
Spo-eeee- N+ Aree / 1 r —
4l N /V

N Yao et al

o [107%%cm?]

N Yao et al
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4. Total cross section

preliminary results: anti-neutrino induced 7 production

b = o ]
vyn — ptan sk
2. 1
_ [ —N+aA .
5 15p —n It
g HE
?‘v —N Yao et al <
2 Lt 2
S S osf
0.5
0.k O
03 035 0.4 045 0.5 03 035 0.4 0.45 05
E,[GeV] B,[GeV]
o ——————
| vp = phatn,
_ L5t
|
£
L oLr
o
05
0.t
03 035 0.4 045 05

E,[GeV]
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5. Summary/Outlook

m v /v induced 7 production calculated in ChPT with inclusion of
A(1232) to one-loop order

m calculation of total cross section for

vep — 0~ prt, yn — {Tnm—
ven = 0~ nwt, yp — (T pr—
ven — 4= pr®,  Dep — £ nrO

» only minor contribution from A-loop diagrams

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

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

Thank you!
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_. 3 ibl 7 . § . i
£®) =Tingk [2/:;“57“75 +ibp Fdy® + ibswy, v

b ] bg
_ ;7/:;&10@ — ni%am} Uy+ he

f- .
%[Duawjaﬁ]{ma Dﬁ}

_3lif ;
Qatned | R (D, 0P - 2

+ 7m<F:aTJ>’75Da + 54<X+>w{1 + ’h7<[Dﬂa X—]TJ>

ih :
- %qDa: F;5]7J>0a575 +
ih31 : i ,
5 ([Dy, F;5]7J>Ua6 + m ([Dy, F;B]TJ>Uaﬁ

ihie ;
ﬁ([Dm FZB]TJWﬁ%Da

f .
+ ?D"%F;MM U+ hec.
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HY = HY + iH™  with

Hy” =(p7pf — PepY ) Hy + (PFa" — Pfa" ) Ha + (pY g — P q") H;
PR (DF M — P 4 g (e — pfiat)
+ PEP G (g€ — gV H + pEp] e
+ p2qP P HS 4 p2 P e H)

and

H" =g Hy + pl!pf Hs + pf pfHS + ¢ Hg
+ (p¢pt + PEpY)HE + (Pra” + piq ) HE + (P! g + pi'q”) HL
b 2 (e B YH 2 o (BT 4 o)
+ 2Pl gV (g7 P 4 ghePYHLO.
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