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Outline

1) microscopic EFT for neutrino physics

2) radiative corrections to CEVNS

3) CEVNS cross sections on 4°Ar with complete errors

4) flavor asymmetries



Neutrino scattering in EFT. Matching

- tree-level matching to 10W-energy EFT:
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( - integrate out W and Z at tree level ]
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Neutrino scattering in EFT. Matching

- tree-level matching to 10W-energy EFT:

Leg = -y, PLyy - FH (P, 4 C?{fPR)f

neutral current charged current

( - integrate out W and Z at tree level ]
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Neutrino scattering in EFT. Matching

- tree-level matching to 10W-energy EFT:
Leg = -y, PLyy - FH (P, 4 C?{fPR)f

couplings to electron:

cr = 2V2CGpsin? 0y, cL = 2V2GF (sin® Oy — 0.5+ 6, )
Weinberg (1967), 't Hooft (1971)

neutral current charged current

( - integrate out W and Z at tree level ]
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Neutrino scattering in EFT. Matching

- matching to low-energy EFT:
Log = =17y, PrLyp - JFVH(CE”EPL + C?{fPR)f
- consider only leading in Gr terms: loop corrections in Q, ds

- gauge-invariant matching of amplitudes, renormalized in MS scheme:

MSM _— pEFT

- neglect fermion masses besides top quark
2
m

- Suppression
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Neutrino scattering in EFT. Matching

- matching to low-energy EFT:
Log = =17y, PrLyp - JFV“(CEZ‘]EPL + C?{fPR)f
- consider only leading in Gr terms: loop corrections in Q, ds

- gauge-invariant matching of amplitudes, renormalized in MS scheme:

MSM _— pEFT

- Gr: combination of parameters is precisely measured

Gp = 1.1663787(6) x 107> GeV 2
MULAN (2012)

( )

- matching at order aas: left- and right-handed couplings
- muon lifetime measurement improves precision
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Running to low scales

integrate out top, Z , W, h

only one EFT coupling

changes with scale operator mixing

vV vV

integrate out GeV particles

as becomes too strong

hadronic physics down to 140 MeV

theory with leptons



Scale-independent combinations

M 7 Leg = —51%,PLVZ ' fV“(CilfPL T C?{fPR)f

- chirally—symmetric universal running + flavor symmetry:
8 constraints on running in the theory:

e (1) — ¢ (1) =0,

My, cre® (1) — e (1) = 2v2Gr,
m., e (1) — er (p) = —\/?@e,
. et (1) = ck (1) = V2Gos
of (1) — ¢k (1) = —V2Gy,
& () — b () = —V2Gh,
. 3t (1) + 26 (1) = VG,
—3cf () + "¢ (n) = 2v/2Gy.

- one Fermi coupling and one cr at leading order

v

( - only 1 effective coupling changes with scale ]
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Fermi coupling constant

Mz L.g = —2V2Gp Z vy Py ZVMPLZ/ _ o Z (M P Ly qv,Prq
LFL q7q’
- Fermi coupling is scale independent

- comparison of scale-independent combinations

~ ~

my inputs Gr Ge Gy,

m. Mw, Mz, a [1.16713(83)i(12)p [ 1.18161(85)i(33)p | 1.16917(83)i(32)p
Gr, Mz, @ | 1.1663787(6); | 1.18083(4)i(21)p | 1.16841(4)i(20)p

inputs Gy Gy, Gy

Mw, Mz, o [1.18231(85)i(33)p [ 1.14642(78)i(33)p [ 1.18288(85)i(33)p

Gr, Mz, a | 1.18154(4)i(21)p | 1.14570(4)i(22)p | 1.18211(4)i(21)p

- Fermi constant: 0.9o tension with 6x10+4 relative difference

' O. T. and Richard J Hill,
( - agreement of electroweak vs muon mass scales J

PLB2020, 1911.01493
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Running to low scales

- integrate out top,Z , W, h
% running effects

- only one EFT coupling

changes with scale operator mixing

V

- integrate out GeV particles

- Qs becomes too strong

- hadronic physics down to 140 MeV

- theory with leptons

e, f e, |

r . ) ) \
- precise mapping from electroweak to hadronic scales

- only 1 effective coupling changes with scale

\. J
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CEvVNS cross section on spin-0 nuclei

vV %4 - tree-level cross sections
do  GZMa T MATYN 2
A 1 F
dT 47 ( E, 2F- w (@)

talks of V. Pand d M. Hofericht
N N ﬁ s of V. Pandey an oferic ﬁr

- efftect of radiative corrections

Fw (Q%) — Fw (Q?) + = [ + 69°P|F 4, (Q?)

T

N N

( - radiative corrections enter with a nucleus charge form factor ]
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Virtual QED corrections. Fermion loop

- all charged termions contribute to elastic scattering at one loop

Leﬂ-‘ = —UyPry ‘JFV“(C{,PL + C{{PR)JB

- lepton loops v v

R SE i ey
— = f
! fG

- origin of flavor dependence

Ve V/,l,//l/ e €
it =" # oM =y

N N

( - lepton mass breaks “flavor universality” ]
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Light-quark contribution

- description in terms of quarks is invalid at CGEVNS kinematics

Q> < A{ep

- light quarks
§REP = 4111Y) (0) sin® Oy

- flavor independent

( - hadronic correlators at zero momentum transfer ]

14



Light-quark contribution

- vector-vector correlation functions in terms of quark contributions

I, = Z QinHij H3,7 — ZTngjHij
i’j 7’7]
- SU(3)r approximation 1) 1)
3
Iy, =11, Qs 15
- SU(2)r approximation
9
I3, = 1_01_[77
- our choice
Iy = (140.2) 1%

- with II'*)(0) from
Erler et al (2018), 1712.09146

N N

( - non-perturbative light-quark contribution ]
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Total and differential cross section

- prompt neutrinos from pion decay-at-rest source

oy, = (15.194£0.24) - 107* ecm®, o, = (15.01 £0.24) - 10~* cm”
point-nucleon form factors:
J. Yang et al. (2019), C. Payne et al. (2019), M. Hoferichter et al. (2020), N. Van Dessel et al. (2020)

- recoil nucleus energy spectrum: one-loop vs tree level

0.8 0.8
40Ar, Ey, = 10 MeV

40Ar, Ey, = 50 MeV

0 ' | ' ! ' OF+——T——T1T———7 7 71—
0 2 4 0O 20 40 60 8 100 120

T, keV T, keV

~N

f ° o ° °
- 9% effect of radiative corrections on cross sections

- averaging over radiatively corrected flux ongoing
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Total cross section errors

- relative cross section error

1.1 —

- _

s 1.0 40 Ar

O -

0.9 l [ I | l I | I ‘=|
0 20 40 60 30 100
Ev, MeV

- sources of uncertainty (%)

Ev,MeV | Nuclear | Nucleon |Hadronic| Quark |Perturbative| Total
50 4 0.00 0.50 0.13 0.08 4.05
30 1.5 0.014 0.50 0.13 0.03 1.05
10 0.04 0.001 0.50 0.13 0.004 0.58

( - hadronic error 0.6% at low energy, nuclear error at higher energy J
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lim
Ry, Rpn—0 do,,

Flavor difference

- well described by point-nucleus limit

Z

“Ar, E, =30 MeV

20 30
T, keV

_WQW

[H (Q2,mg) — 11 (Q2,mg/)]

- kinematic dependence: full result vs point-nucleus limit

“Ar, E, =30 MeV

20 30
T, keV

( - up to factor 3-6 change in electron-muon asymmetry J
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Flavor difference errors

- relative cross section error

] —
- )
s 1.0 40 Ar
O -
09 l [ l | | | | | I ‘=|
0 20 40 60 30 100
Ey, MeV

- sources of uncertainty for muon-tau asymmetry (%)

Ev,MeV | Nuclear | Nucleon |Hadronic| Quark |Perturbative| Total
50 0.43 0.007 0.28 0.07 0.002 0.52
30 0.17 0.003 0.28 0.07 0.002 0.34
10 0.02 0.0003 0.28 0.07 0.002 0.29

( - nuclear errors largerly cancel in flavor asymmetry)
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TakeawaX messages

radiative corrections
— to CEVNS formulated

in EFT framework

lepton loops: CEVNS is flavor dependent at percent level
S. Sakakibara and L. M. Sehgal (1979)

kinematic dependence of radiative corrections at percent level
L. M. Sehgal (1985)

quark loops: no constituent quarks as degrees of freedom
Weinberg angle: E Jegerlehner (1985)

cross sections and flavor differences with error budget on 4°Ar

this work

hadronic errors dominate at low energies and momentum transfer

this work
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Applications in talk of Ryan Plestid

Thanks for your attention !!!

This presentation is based upon work
that is supported by the Visiting Scholars Award Program

of the Universities Research Association
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Neutral current in SM

Z.W
Vy Vo Uy Vy
> > >
7 W ">W
Wk W Z
> > >
= e € e
Uy Ly Uy Ly Uy Ly
> > > > > > > > >
Z A A A 414 414
5 > > > > 2 > > > = o > > > e

( - contribution to effective couplings ]
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Charged current in SM. Vertexes

( - contribution to effective couplings ]
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Charged current in SM. Boxes
E
iE E

( - contribution to effective couplings ]
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Self energy and yZ mixing. Boson loops
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Self energy and yZ mixing. Fermion loops

- Vanishing contribution to matching
besides loops with t quark

- finite contribution to self energy
pole vs MS masses

- do not consider Higgs tadpoles (hVV):
matching vs self energy cancellation

- gauge-independent contribution
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Matching at one loop —» EFT side

bud

bud

( - cancellation of infrared and collinear singularities J
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