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Background

» Neutrino nucleon(rN) scattering is an important way to understand the
properties of neutrinos.

» There have been large scientific installations at home and abroad to research the
properties of neutrinos such as:

© The Daya Bay Neutrino experiment in China [F. P. An, et al, PRL 108 (2012), 171803]
@ The Jiangmen Neutrino experiment [F. An, et al, JPG 43 (2016) 3, 030401]

@ The Super Kamiokande Neutrino experiment in Japan [Y. Fukuda,
10.1142/9789812704948 0002]

» The study of neutrinos interactions with matter can provide an important input
for the accurate determination of neutrino oscillation parameters. See review [z.
Z. Xing and Z. h. Zhao, RPP 84 (2021) 6, 066201] .
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FEarlier studies

» Early v N scattering was mainly extracted from neutrino nuclear quasielastic
scattering experiments [L.A. Ahrens, et al, PRD 35 (1987), 785]

» In 2010 and 2015, the MiniBooNE published v(7) -induced neutral current(NC)
differential cross section data, concentrated in energy intervals below 2 GeV.
[MiniBooNE collaboration, PRD 82 (2010) 092005] [MiniBooNE collaboration, PRD 91 (2015)
012004]

» D. Pelevalov gave experimental data near the threshold [D. Perevalov,
FERMILAB-THESIS-2009-47 (2009)] .

» In the low energy region, the data of ¥ N quasielastic scattering have a complicated
varying behavior, which has not been explained in theory.
> G.T. Garvey et al. calculated the strange quark axial vector form factor of the
nucleon by analyzing the ratio of proton-to-neutron neutrino-induced [G.T. Garvey
et al, PRC C 48 (1993), 1919-1925] , and calculated the strange quark form factor and
the axial vector dipole mass of the proton by refitting BNL experimental data on
neutrino-proton elastic scattering. [G.T. Garvey et al, PRC 48 (1993), 761-765]
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Recent research

> R.S. Sufian et al. determined the NC axial vector form factor Ga(Q?), and
calculated the differential cross section WTQ"N for NC near Q*> = 0 [R. S. Sufian et
al, JHEP 01 (2020), 136] .

5
~ == This Calculation (vN Scattering)
. . . S 4 s This Calculation (7N Scattering)
» Dipole parametrization © % MiniBooNE (vN Scattering)
5 5 . . Q % MiniBooNE (7N Scattering)
» In @ < 0.15GeV?, the differential £ 3
cross section predictions of v(7) N g )
scattering starts to deviate from g
MiniBooNE result :|..N 1
The possible reason: e
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1. Pauli blocking effect
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2. Nuclear shadowing

R. S. Sufian et al, JHEP 01 (2020), 136.
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https://inspirehep.net/literature/1693511

Recent results from MicroBooNE

Figure 1: Final differential cross sections do/dQ? (left) and do/dcos@ (right) with both

statistical and systematic uncertainties.
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Ren Lu, JPS Conf.Proc. 37 (2022) 020309.

from protons (0.1 < Q* < 1GeV?)

» Plan to extract the strange quark contribution to the axial form factor
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https://inspirehep.net/literature/2619134

Our work

» Neutrino nucleon scattering is the most basic process to explore the interactions
between neutrinos and matter.

» For neutrino nucleon scattering process, QCD can no longer be used directly for
perturbation calculation at low energies due to the color confinement effect.

» Chiral perturbation theory (ChPT) is an effective field theory of QCD at low
energy based on chiral symmetry at hadronic level.

Our aim

» In ChPT, calculate the 4 form factors(FFs) of the neutral current(NC) and
charged current(CC)

» We will combine the 4 form factors and the differential cross sections to carry
out numerical calculation and compare with experimental results

» Try to explain the discrepancy between theoretical and experimental data in the
low energy region
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Neutrino Nucleon Scattering in NC

» The process of neutrino nucleon
elastic scattering:
V() + N(p) — v(K) + N(&)
p , » The amplitude squared:

|ml2 G(F L,u,uHuV

» The leptonic and hadronic

Only consider single boson exchange tensors:

» The differential cross section:

o How =3 Tr| (p + m) B (p + ma) 7]

dQ? ~ 6dmmZ B2 -
Q ﬂ-mN with FM = "}/oFZ"yo

» The scattering amplitude where
M= i 1 = (NG| |N)) = 3(0) )
L = 0(K )3(1 = 95)(k)
H" = (N(p")| 74| N(p)
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The Form Factors and Differential Cross Section

» Ignore the second class currents
n o © 7
F'=~"Fi 4+ — " qFo — 'y Ga — —75Gp
2mn my

where F1, Fy , G4 and Gp are the nucleon weak NC Dirac, Pauli, axial and
induced pseudoscalar form factors.

» The differential cross section(NC)

do  GRM? [A(QQ)ZE (s_u)B(QQ)—f— MC(QQ)}

d@? ~ 8rE2 M? M
with )
A(Q?) = % [Gi(l +n) +4nF1F2 — (1 —n) (F% - 77F%>]
2
B(@*) = %GA (Fl + F2>
Q) = [+ R+ ]

where (s — u) = 4ME, — Q*, n = Q°/AM®

» Next we are going to calculate the form factors
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The Form Factors in NC

» Vector current is conserved:
1
Fi = (5 — SiIl2 0W> |:Fij7p — F;E'M,n] T3

, 1 .
—siHQGW[FfM’p'f‘FiEM’n]_§F§‘)» i=12,

» The electric and magnetic Sachs form factors:
2y _ pBM( 2 @ ey, e
GE(Q)_ 1 (Q)_4 2F2 (Q)7
My
Gu(@*) = FPM(Q) + F5M(Q7),
» The weak axial vector form factor:

Ga(@) = T 6@ - 16 (@)

e.g. dipole parameterization:

v g s b AS
GA(Q%Z# . Y@ = Y
(1+3%) (1+:)
» We want to calculate the form factors in ChPT.
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The Chiral Lagrangian

» The effective Lagrangian

3
Leyp= Z L3 +3" LY,
=1

» Meson field is contained in U :

2 P
U=u fe:cp(zF>

m° ﬁw*)

where@z&-?z (\/iﬂ_ 0

» 7N Lagrangian
_ 1
E(D :‘I’N{il)_ m+ 59}/575}‘1’N
@ _1 v L v
ﬂ_N—S CG\I/N{F+VJ }‘1/N+8mc7\I/N{(FIV>U }\I/N-i-
_ 2
8 :TdGWN[D”,ﬂV]D”\IIN Fhoe 4 —drU N (900 DV Uy + hec.
m m

1 _ i _
+ idlew“Vs\Ifzv<x+>“u‘I/N + 5d187“v5\I/N[D;L, x-]¥n

1 _
+ 5 a2y s UNIDY, o [N A+ -

Jin-Man Chen (HNU) v(7)N scattering in BChPT Nov 12, 2023 13/29



The Chiral Lagrangian

» mm Lagrangian

FQ
L3 = (m” + x4)

4
1
£ =5 taluat) ()

1
+ 1 (s + L))+

» The chiral blocks
ff‘fl, =u WuJr + qufl,u
fr =0l — Al — il 1]
ffl, =0ury — Oury — 11, 1]
W) = 0,08 — 9,0
X+ = uTqu + uxTu
x = diag(M*, M?)
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» The covariant derivative:

Dy =0, +T, —iv,

where

Uy = i{uT((‘)u —iry)u— w0y — iéu)uT}
1 . .

r.= 5 {UT(au —irp)u+ u(Ou — 'Lgu)uf}

» Introduce the Z boson

0, = <97W) (—QCOSQQW) Zu%

2 cosOw
gw .2 T3
= —2" (2 Ow) Z,,—
Tu (2cos6‘w) (2sin"0w) 2, 2
NOR gw P To
o = (m) (2sin"0w) 2,5
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Feynman Diagrams

» The hadronic part has a more complicated case due to the strong interactions

inside the nucleon.
7@ a@ % %\én\.

o o 3

a—(o—k »—O—»—@—» »—O—»—O—» »—®+c}»®—»
Figure 2: The tree-level diagrams of §© 0 59 :TO :vo
v(7) N elastic scattering

Figure 3: The one-loop diagrams of v() N elastic
scattering

» The pion exchange in hadron vertices mainly contributes to Gp, and Gp is
entered into the CC scattering process.
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Amplitudes of NC

» The amplitude: M = i%LuHiu

H* __}¥¢;ee + }{H

loop —

= Hj + Hy + H + Hy + H! + H + Hj,

loop

HY :ﬁ(p’){(cos ZGW% —sin® Ow)y" — ga E’Y”’Ys}u(p)

g

Hy = { AT qu 75} (p)
H¥ :ﬂ(p/){ [C(; COS 29W7 — (C()‘ + 2C7)Sin2 Gw] Z'O'“Vq,/ }u(p)

¢ 2 2mN

B 2mym2(2dis — dis)

"o m
H U(P){ = m2 T3¢ 75}“(10)

v 2gamnmz Ly
H :“(P) ﬁmq ’75} u(p)

_—
H’;f :ﬂ(p'){(4d7tsin2 0w — dgtcos 29w7'3)’7“ + (d(;tcos 20 wTs — 4d7tsin2 Qw) ZU2 i
. my

-
— (4d1(im721— + d22t) ?3’7”75 + dggmNrgq“'y5}u(p)
HH
loop
» The constants marked in red are the low energy constants(LECSs).

Jin-Man Chen (HNU) v(7)N scattering in BChPT Nov 12, 2023 16 /29



Renormalization and Parameter Values of NC

» The ultraviolet(UV) divergences => MS — 1(or ﬁb) scheme.
The UV divergences from loops are subtracted by the infinite parts in the bare
paramaters g, c¢ ,c7, do, d7, dig, dis, da22, £4, respectively.

» The power counting breaking(PCB) terms = the EOMS scheme.

Power Coutting _ Relativistic  Analyticity
] = Xoun - edt}m - nﬂ“/m”‘ » The extended-on-mass-shell (EOMS) v
B 7 " " The PCB terms in loops can be properly
R v v X canceled by the LECs in the chiral
EOMS v v v Lagrangians.
» The parameter values
my My my, ga Fr E, Ep c6

0.939 0.138 0.10565 1.13 0.0924 0.80 0.65 1.35 =+ 0.04

cr de dr die dig d22 I3
-2.68 + 0.08 0 -049 -0.83+0.03 -0.204+0.08 0.96+0.03 0

[D. L. Yao et al, PRD 98 (2018) 7, 076004] [D. L. Yao et al, PLB 794 (2019), 109-113]
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Preliminary Numerical Results of NC

v

vVvyVvyy

v(D)p->v(v)p v(D)n-v(v)n
— P NuWro !
— 0, NuWro

vp ChPT

—— N NuWro
—— DUun NuWro
vn ChPT
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— opcheT
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B
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Preliminary numerical results of NC. Left: v(7)p -NC ; Right: v(7)n -NC
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w
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aQ?
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w

o
9Q?

=)

The figures above show the preliminary numerical results in the NC, the values
of those paratemers are in need of further improvement

The shaded gray indidates the ChPT valid region
The do/d@* for p scattering agree well with the MiniBooNE
The do/dQ* for vp scattering is far different from the MiniBooNE

Our preliminary results still don’t agree with the MiniBooNE data in
@ <0.15GeV?
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The Relationship between NC and CC

» The Lagrangian of electromagnetic and weak interaction in SM

g
;CEW = 76\_75]\414# — mjﬁczp, 2\/7;7CCW1— + h.c.

where Jhy~ Tnc and Jf, are the electromagnetic (EM) current, weak neutral
current (NC) and charged current (CC), respectively.

» In the quark sector (only consider u and d) :

1

Teu=3sVy + V4
S ’ 9 » The vector and
Ke=(1-2 sin’ Ow) Vi — A — 3 sin® O V4 axial-vector currents
Ho— ok Ta —
The = coso| (Vi = AL) + (V5 = 45)] Vo=a 2‘17 ¢=01,23

A=ty 2g, a=1,2,3
and JECWLHM-:ZL Tbc.a Wi ’YE 2 ¢

here
whet where ¢ = (qu, qa)”

Theu = VEcos (Vi — AL)
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The Relationship between NC and CC
» Isospin decomposition:
/ T ° S
HH: <N(p)’JM|N(p)>:Xf |:7HM+?/HM:| Xi s a:17273

> NC(a=3): Hy =(1-2sin®0w)V) — A}, Hi=-2sin’0nV;

> CC(a=1,2): H) = cosec(vV—AX) , H =0
v, =u(p) [ F + 5ot qqu] Cup) = VX Sxis a=1,2.3
AZ :’Tt(p/)[’)’ ’YSgA + A/Sgp] ?u(p) ‘[LX;%X": , a=1,2,3

0 -0
— S 1
V?L :u(p/)[,y“]-'f + 2—0 q,,}'Q]—u(p) = V“Xf 5 Xi
TN =(1 - 2sin® 0y) V) — A7 —2sin® 0y V)
3 0
:X}[(Cos2ewl" — —\ )? — 25sin® 0W1”T2 :|Xi

1 .2

cc L9 o 1 v T 4+ T

T, c :cosec[(\ /“ — A\f“) +i(V, — A\/‘)] = COSGC<¥H - -/‘\N)X;Txi
There are 6 unkown form factors (]:1‘,/2 , ‘7:13, 2, Ga,p)

» The relationship between NC and CC:

NC and CC have the FFs (FY,GY

7

) in common!

Jin-Man Chen (HNU) v(7)N scattering in BChPT Nov 12, 2023 21 /29



The Relationship between NC and CC

» Definition of FFs
B = (NG |J“|N(p>—u )T u(p)

F'u'f’y'u'Fl-‘r

ot gy Fa — yH,
my
» Physical amplitudes in NC:
H*(vN — vN') = va/ H?VCXN
F; (WN— vN') = XN/ [(1 — 2sin? GW)]-'V— — 2sin? Oy F? O] XN, =12
3 )
Gi (vN—vN') = XN, [givg] XN, 1=AF
» Physical amplitudes in CC:
H (vyn — €7 p) = X;H”éan
Fi (ven— £7p) = x} [cos0c- F' T xn . i=1,2

Gi (vgn — €7 p) = X; [COSGC‘Q,L»V%] Xn, t=A,P
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The Differential Cross Section of CC

» The differential cross section(CC)

do GEM?|V.4l?
@z 8TF2

(4@ + E W pgy + Lot ogp) |

with

A(Q) (mﬂ;m{(l +n) G4+ 4nFiFy — (1 —1n) (F? - nFﬁ)

m? @?

TP [(FI + )+ (Ga+2Gp)° - <W +4> Gﬂ}

B(Q) z% GA(F1 n Fg)

AQP) = [ + B + ]

where (s — u) = 4ME, — @* —m?, n = @Q*/4M?, M and m are the nucleon and
the lepton mass, respectively. [
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Preliminary Numrical Results of CC

vn-L~p & Vp->Ltn

7l T e —— Vun NuWro

6 N —— Uup NuWro
S S vn ChPT
g s S —— Up ChPT
5.4
L3
—
X2
85

1

0

0.0 02 04 06 08 1.0
Q2 (GeV?)

Figure 4: Preliminary numerical results of CC

» The shaded gray indidates the ChPT valid region
» Detailed results of CC are ongoing!
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Interactions with A

> Considered the A-resonance: A(1232), a state of spin-3
The chiral effective Lagrangian

2 2

Cop= 3280 +3° 20+ IDICERVEN

i=1 j=1

» The effective Lagrangian for pion-A and pion-nucleon-A interactions
_.3 ) a3
ﬁ;_lg — \IJ“H&; (l"')/,“/aDa’]k _ mA’Yﬂy(S]k) kglqll,
£(2> — PhH 2 T 6Jk %\I,l»'/
A = 57] (al T[X+] guu)fkl
ﬂ(l) —h \I/i,a %wj\ll +H
aNA — A ij Wa ¥ N .C.
T,y 3 b i .
£§r213IA =v" 65{ - 251 a’B]’Y5’76 + szF ’] A + Zbgw B'y
b . be
il FL DR i—swgBiDﬁ}\yN+ He.
m

» The covariant derivative: Dy i = (0, + Tp)dy — degn, Tr{T*T ]

Jin-Man Chen (HNU) v(7)N scattering in BChPT Nov 12, 2023 25 /29



Interactions with A

3
» The projection operator: {7 = 0y — %TZ‘T]‘
» The Dirac matrices: Yo = i{ [’y#,wy],’ya} s Y = %[%u%/]
» The chiral blocks:

) 7TT[T T, wh = 5Tr[T w. y W = 5Tr[T [Dy, w]]

nv

»®=®» »®=®* »d>=o-»—®» »(b—»—®=®» »®=o=®» »®=®»
LouE S S8

» The calculation of the Feynman digrams with A-resonance is on-going .

2w
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Summary and Outlook

Summary

» In ChPT, we calculated the scattering amplitudes up to O(p?) in NC (tree
diagrams and loop diagrams) and extracted 4 FFs.
» Obtained the relationship: NC and CC have the FFs (F/,G{) in common

» We have obtained the preliminary numerical results of the NC and CC.

Next step

| A\

» We will continue to try to explain the complicated varying behavior of the
MiniBooNE in the low energy region. If it’s still unexplained, then Pauli
blocking and nuclear shadowing effect have a great influence.

» Because our partial preliminary numerical results of NC are not consistent with
MiniBooNE data, we will consider the A-resonance and the contribution of
strange quark in later work.
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Thank you very much for your patience!
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