Neutrino-participated interactions in effective field theories

South China Normal University

Xiao-Dong Ma (&/)\%)

B2 B P e Be. SCIG S5MERMNT 2
2025410 H25H-29H, dbie



http://keynotetemplate.com

Outline

e Introduction

e Bottom up EFT: SMEFT, vSMEFT, LEFT, LLEFT
e UV completion of EFT operators

e Top down EFT: matching UV models onto EFTs
* Phenomenologies

e Summary


http://keynotetemplate.com

Neutrinos hold the key to big questions

.

> Neutrino mass

N2

o Dark matter

Al

= Baryon asymmetry

AV

o Anomalies

* Neutron lifetime 7,
“ B — Kuvu

“ K - nuv

2 MiniBooNE v,

% Gallium anomaly

Ordinary Matter
(4.9%)

https://www.iasgyan.in/daily-current-affairs/ghost-particles
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Neutrinos in the EFT paradigm

Neutrino mass in the EFT framework — SMEFT or vSMEFT

Va\

(Acts durmg pro pagatlon)

/ l
/ ./DM { raction

Lorentz+CPT v olt
\-,-.\ N tr odec ay,

Neutrino mass model as an EFT (e proBuetor) NN t/‘{n

Heavy relic '
DM annihilation,
DM decay./_f N

Integrate out heavy NP states and match onto some EFT

Neutrino-participated processes in the EFTs %%,

U—Y,U— f, UV—(qg,U —U,U — DM, A¥siielle et al: 1907.08690
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Bottom-up EFT

New particles

Matching

SMEFT, vSMEFT, ...

Matching

LEFT, VLEFT,
HQET,
NRQCD/QED, ...

Matching

chPT, chEFT, ...

| Assumption: scales are well separated with Ayp > Ag

v

Parametrize the derivation of low energy observables w.r.t.
the SM prediction by non-SM interactions based on SM
particles and symmetries
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State of art of SMEFT

Lehman 201714
L/ao & Ma 201 6

gSMEFT = Z SM T Zz dim5 dim¢6 [ I ff d_&_l_ ‘SZ C 1m i

Buchmuller, Wyler 1986 Li, Ren, Xiao, Yu, Zheng, 2020
Grzadkowski, Iskrzynski, Misiak Rosiek 2010 Li, Ren, Shu, Xiao, Yu, Zheng, 2020

Llao & Ma 2020

Hilbert series method: Henning, Lu, Melia, Murayama 2015, 2017

A\

C
gdimS — /I{H im€ ]n(LCL) + h.c.

+ D € even (odd) if | B— L|/2is even (odd) for SMEFT  Kebach:1604.05726
+ D=6:|B-L|=0vsD=7:|B-L|=2
. D € odd: B/L is violated
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¢ij(Liouwe) (@0 u)

X3 »2H® + h.c. (LL)(LL) w2 H? VW2 H3D
fABCGArGPrGSH Oen (H'H)(LeH) (LyuL)(Ly*L) Oru €ij€mn (LS L™)H  H"(H'H) OLeHD €ij€mn(LCty,e) HI (H™iD*H™)
fABCG G RrGIH Oun (HTH)(QuH) (@7.Q)(@7*Q) W2 H2D? V2H2X
IKWIWIPWER | Oy (H'H)(QdH) @ur' @@ Q) || OLp1 (+) | €sjemn(LSD,LI)H™DHH") | OLup g1€ij€mn (L0, L™ ) HIH™ BH
W WS V' XH +he InL)@1Q) | O po (%) | €imen(LAL) (D HMDEHY | Opgw | goij(er!)mn (L0 L™) HI HMW kv
H° Oew (ZO‘“VE)TIHWI_{V (Ly,m L) (Qy*71Q) ?f)4D ?,194H
Y R JOUET) o0 W @i T Octrin €ij€mn(eL') (LS L™ H"
H4D? Ouc Qo+ TAu)HGA, (&y,.e)(ev"e) duLDL S © —— .
(H'H)O(H' H) Ouw (Qotu)yr HWY, (Tyw) (TyPu) Odqrrm (¥) €ij GT"(dQ.)(L_’]. L™)H
(H'D,H) (H'D,H) |  Oup (Qo*u)H B, (dyud)(dyd) Qaqrrma () E’JEm"(df“"Qz)( C."" ”WLr.n)Hn
X2 Ouc (@omTA)HGA, (Eyue)@yhu) Dim7 Oguren () €ij (A7) (L_C’W“ 6)H I
HTHGA, GAw Ouw Qo dyr HW!, (@v,€)(@y*d) O3uLLH €i;(Qu)(L°L*)H’
HYHG:,GA™ OaB (Qo**d)HB,,, (wy,w) (dy*d)
HYHW] Wi V2H?D (wy, T4u) (dy*TAd)
HYHW!, Wik oW (H'iD, H)(Zy*L) (LL)(RR)
H'HB,,B" 0¥ (Hfiz(ﬁﬂ)(fyﬂ»rf L) (Ly,L) (e e)
HYHB,,B" Oe (H'iD, H)(eye) (T, L) (@y"u)
Ounwsa HTTIHWJVBW ng] (HTimH)(QW“Q) (Z’YuL)(E’Y“d)
Opws | HIT'HW,.,B* 0%, (H TiDﬁ,LH ) (@1 Q) (Q1uQ)(ev"e) . .
Ome | (D H) @) avoaw | ¢ All the SM v—involved operators must contain L
O (HiD, H)(dy"d) (Qv, TAQ) (@y* T4u)
7t u~H 0 d~H . . . . .
Preathe | (RS ety * Within the SMEFT, v—operators are quite limited
(LR)(RL) + h.c.
(Le)(dQ)
(LR)(LR) + h.c.
€ij (Q'u)(Q7d)
€ (Q' T u)(QIT4d)
eij(Lie)(Q7u)
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USMEFT = SMEFT + sterile neutrino (V)

< Neutrino mass — Dirac/Majorana mass
% Dark matter

< Baryogenesis
* LSND MiniBooNE— v, excess

< Gallium anomaly
** Portal to a dark sector

<% Long-lived particle (heavy neutral leptons)

Sandbox Studio. Chicaao with Ana

LSND (1998) —> MiniBooNE (2007) —> MINOS —> Daya Bay (2014) —> MINOS+—> IceCube (2016)
—> MiniBooNE (2018) —> MicroBooNE (2021) —> BEST (2022) —> STEREO (2023)
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Liao, Ma, 1612.04527

Z SMEFT = Z SMEFT T |

Aparici et al, 0904.3244

del Aguila et al, 0806.0876

Bhattacharya, Wudka, 1505.05264

dim9 |

Li et al, 2105.09329

Cyvy —= Co
L hims =\ (NN)H'H + —2(N%, N)B* +h..c...

N
gdim6 -

Y H | (LR)(LR)(+h.c.) (LL)(RR)
Ovu(+he) | (LN)H(H'H) OINLe (LN)e(Le) Orn (LY*L)(NyuN)
Y*H’D OLNd (LN)e(Qd)) | Oon (Q7*Q)(NYuN)
Ony | NPN)H'iDLH) | Ouiov | (Ld)e(@N) (LNB)(+he)
Oune(+hc.) | (Ny"e)(H'iDyH) | (RR)(RR) Onnnn (N°N)(NCN)
y’HX (+h.c.) ONN (NV*N)(NyuN)
ﬁNB (zGqu)ﬁB“V ﬁeN (E’y”e) (N’}'MN)
Onw | (LoyyN)T'HW'* OuN (uy*u)(Ny,N)
(LR)(RL)(+h.c.) Om | (@Pd)NyN)
OounL (Qu)(NL) Ogune(+h.c.) | (dy"u)(Nyue)
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LEFT and VLEFT

o Fields: u, d, s, ¢, b; e, u, t; v, Uy Uy + N. (sterile neutrino)
e Symmetry: SU(3)- X U(1).,,

e Power counting: canonical dimension D

® Range: < AEW

Weak effective field theory can be treated as the LEFT of SM

Buchalla, Buras and Lautenbacher, 1996

10
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Li, Ren, Xiao, Yu, Zheng, 2020

Liao, Ma, Wang, 2020

All D > 5 operators <= weak and/or NP interactions

Important to parametrize many key low energy observables:
> Flavor physics: mesons and baryons
> Lepton physics: tau and muon

> BNV, LNV, LFV processes

11
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Direct v processes Indirect v processes

Neutrino mass: ' OU'B'B

Neutrino dipole moments: vo, (iys)v F™ 9 ‘Ng 9 .\\9

Neutrino NSI, LFV: ¢ ) & )
Neutrino NSI, FCNC: @ * '/\9 @ ’ '/\a
Hadron decay: (I'7)(gl"q’) Mass mechanism Long-distance
Neutrino Sl: (21 ) (0T + Neutrino force

v — 2 B
BNV: (71°¢)(¢'CT"q")

k k+ q ¥: SM leptons/quarks
X2 > > X2
P2 1%

Mitrajyoti Ghosh, Yuval Grossman, Walter Tangarife, Xun-Jie Xu, Bingrong Yu, 2405.16801
12
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UV completion of EFT operators

Given an EFT operator, to construct some UV models by appealing to some heavy new fields

- Dim-n Weinberg operator . Tree-level
* Usually, assume the SM I ”
: . . 1-loo
gauge symmetry intact | Aoy P
. H--! .« 2-l0oo
* Internal heavy fields: \ 25, | P
. s Anamiati et al: 1806.07264
scalar, fermlOn' vector / 1 9 \ Bonnet et al: 1204.5862

L L 1806.07264 L Cai et a:1706.08524
Hirsch1411.7038, ...

Ovpf operators: dim-7 LD and dim-9 SD

- Generate topologies and

diagrams ) w Q 0

» Assign external and Chen, Ding, Yao: 2110.15347, 2301.02503
i | field el 13
Internal rielas oot Li, Zhao, Yu: 2311.10079

« Select genuine topologies " 23111007 L

Dim <= 8:

Li et al: 2204.03660, 230710380, 2309.15933

LSMEFT: Beltran et al: 230612578

13
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Top-down EFT

UV model

Integrate out
heavy dof

EFT1

Integrate out
heavy dof

EFT2

D ——

Non-linear QED
EFT-X

14
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EFT for neutrino mass models

Famous models
Type-l seesaw: SM + F(1,1,0)
Type-ll seesaw: SM + 5(1,3,1)

Type-lll seesaw: SM + F(1,3,1)
Zee model: SM+ S(1,2,1/2) + S(1,1,1)
Scotogenic model: SM + Z, + F(1,1,0)_, + S(1,2,1/2)_,

Li, Zhang, Zhou, 210712133, 2201.05082, 2309.14702 (I, 11, 111)

Two Higgs doublet model

Ohlsson , Pernow, 2201.00840 (I)

Coy, Frigerio, 2110.09126 (I, Ill, Zee) Le pth ua rk mOdel

Du, Li, Yu, 2201.04646 (I, I, II1) )
Singlet scalar model, etc

15

Liao, Ma, 2210.04270 (Scoto)


http://keynotetemplate.com

Matching techniques — diagrammatic approach

M1y — Dy = A1} = U Derr

Va\

Heavy C

2
Mg

» Design a complete set of Green'’s functions (operator basis)
« Compute them in both theories

. |dentify the EFT WCs in terms of UV model parameters

« Automatic tools: Matchmakereft, 211210787

On-shell matching: 1 znou 230910851

16
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Matching techniques — functional approach

Cohen, et al: 1912.08814, 2011.02484, 2012.07851 521 %gi 5;—551% A X
Fuentes-Martin et al: 2012.08506, 2212.04510 , 231113630 (Matchete) Opv = - =- ( e I” sp ""°) = ( ’ ‘M’)
o W%L Pe T‘bgl Pe Yoo Do
Mesvied = [dsluvled|, , . Teeled = [atecilsd
Loy e = %STY[IH(OUV)] o o s L1looplPc] = / A%z Lyt [ge] + - STr[In(Ogrr)).
c— c[¢c] 2
tree
EFT [¢C] = Luv [(I)c’ ¢C] ) - : . .
& P=®c[gc] 1 light particle irreducible amp.
Covariant derivative expansion
[ daLiyried = (STOw|, -~ 3STr{in(Oger)] Integration by regions

f

Beneke and V.A. Smirnov: 9711391

[ateckirio = smmmn| - 23" Lem [1x)]

3 n=1

Hard Smirnov: Applied asymptotic expansions in momenta and masses

17
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A Quick tour for phenomenologies

Focus on a few cases we have toched upon recently.

18
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Neutrino EM property—without right-hand v,

mdm: Transition moments for Majorana neutrinos

edm: Terrestrial exp: DMDD (v,,), v exp

Charge radius: vy, vo, F* Astrophysics: Stellar Cooling

Anapole moment: Dy, ysv0, F* Cosmology: BBN, CMB

. . Accelerator:
polarizability: ,;(ys)yFWFW

2
x Gz

| . _ |
' S M S o Gpm, ’ |

19
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Neutrino magnetic moment [uz]

1077

—
Ny
oo

—
7
=)

10—10

1 O —11 CEERERY

10—12

102

Neutrino EM property—with right-hand vy

A

edm —

|
= —d Na W ) et
ZZ H

: | v,, coupling only l

1
!
/
/
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"
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P

”Il NOMAD
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. —B—QBF?(—IN—Q——----__\ MINIBOONE I

107" 10° 10 10°
Right-handed neutrino mass My [MeV]

Brdar, Greljo, Kopp, Opferkuch: 2105.06846
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10°°
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oy
-
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eu,
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%,
Q
SN
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10751

Recenet works by
Carlo Giunti, Konstantin Kouzakov, Yu-Feng Li, and Alexander
Studenikin, 2411.03122

Ying-Ying Li, Yu-Feng Li,

10°

my[MeV]

10* 10

and Shuo-Yu Xia, arXiv:2406.07477v1

20
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LNV— Ovff from SMEFT dim-7 interactions with loop effect

Dim-7 SMEFT operators: (AB,AL) = (0,2)
Basis in WC name in
Classes Original operator basis in [17, 18] Relations of the two different notations -
(19, 20] D7RGESolver €
VEHY | OV = €ijemn (L_gf’L:.”)H JH™(H'TH) Oy same LH pr
V*H®D | OF.yp = €ijémn(LiCyuer) HY H™iD* H" OLepn | = OLenp LeDH pr e
» . f ' . o l »
W H2D? Ofupy = €ijémn (Lt D*LL)H™ D, H" Obrom | = 3(OLupr + OLup1) DLDH1 pr
. —ry . . + -
Ol npe = €im€jn(LiICD*L]) H™ D, H" Obrome | = 3(OLups + OLups) DLDH2 pr L
VX O7yB = €ij€mn (L_';fcf,l,,,L;."“)Hj H"B#v OV g same LHB pr
O w = €ii(eT!)mn (L_';FUWL;") HIH"Ww | O same LHW_pr y
. I : S).prst . y >
OgZSIfL]] prm Ez‘jfmn (epL;) (L.;CLZH)HH Of(iL)LpZ;] — é(@g};}le] + ngtzLII + Ogirzl,ﬂv) + S (_) t eLLLHS_prSt Q ’_@
A) prst st t t
oWt | = (Ofron + Opirm + Obiiy) — 8 ¢ t | eLLLHA prst
O | = (O%iin + Ofiiy) —t &7 eLLLHM prst €
: S— : 4
4 prst L jC prst
(’)52‘2 LHo = Eim€in (dpo.) (QZ»CL{")H n OSTL‘Z L1, | SaIe dLQLH2 prst =
Oggfe o = €ij (d, L) (uSe,) H Of—l’;jfe ;| same dLueH prst »
> >
N e
OF 1oy = i (Qpu,) (LELY) HY Ogjz | same QuLLH prst a o
4 prst I TiC - ] prst 1 prst rts
YD OauLLD = €ij (dzﬁuu?') (LzsCZD”Lt) O&uLDL =3 (O(—iuLLD + Of—;uLLD) dulLDL prst

+ short-distance contribution

21
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LNV— Ovff from SMEFT dim-7 interactions with loop effect

Solve the complete RGEs of dim-7 operators

_D7RGESolver|

.................. beta__function.py
.................. WCs__dic.py

.................. SM__parameters.py
.................. ovbb.py

.............. uexample

The structure of the D7TRGESolver package.

O. Scholer, J. de Vries and L. Graf, vDoBe, 2306.08709
Di Zhang, 2310.11055

L. Graf, C. Hati, A. Martin-Galan and O. Scholer, 2504.00081

20':-=======::===::: ________
— 10'5' """"""" e A PR B B R
@> ; N S
~ -
O 5
— .
T X KamLAND-Zen.
A
O
mM
T LS
T N e g e e e
~ A T T T T
0.5}
0.5 10 100 500
N [TeV]

Yi Liao, XDM, Hao-Lin Wang, Xiang Zhao, 2505.06499

RG running effect on Ovff

Py

At

Ci(N) [GeV~3]

— C} =107

Ciepy =1071°
ChipH = 1071°
ChipH, = 10718
Cliy = 1071

1111 _ 1 n-16
CaroiH1 = 10

1111 _ 2 1-16
CdLQLHZ_]‘O

1111 -14
CdLueH =10

1111 -17
CGULLH =10

1111 _ 1 A-15
CauroL = 10
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LNV— Ovff from SMEFT dim-7 interactions with loop effect

Yi Liao, XDM, Hao-Lin Wang, Xiang Zhao, 2505.06499

RGE-improved constraints on the dimensionless WCs ¢ at A = 10 TeV
7
ez = [A°CL(A)] 7| = [A°CL(A)]
Operat Operat
pErATor Same in both bases pETArer Up-quark flavor basis | Down-quark flavor basis
Ol 1.92 x 108 Ofuir 2.85 x 107° 2.78 x 107°
Oti.pH 1.88 x 1074 O 8.58 x 10° 4.48 x 10~4
OB b 1.07 x 10 Og’gl{ - 3.51 6.50 x 10~°
o — 9.99 x 107 O i 1.24 x 1074 2.65 x 10~}
o 4.26 x 10~ OF L 1.00 x 1074 1.03 x 1074
), 20 1.76 x 1073 o 3.01 x 10~ 1.43 x 10~°
OM313 1.05 x 10—4 ox 3.24 x 1073 5.38 x 102
o811 2.59 x 101 oxu 5.65 x 10! 2.38 x 103
(5),21°2 1.25 x 1073 o 5.90 x 108 5.90 x 108
3113 —
OB)31E 7.44 x 1075

RG mixing effects are important to constrain operators that cannot directly contribute to
Ovff, especially the operators involving 3rd generation quarks .
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Neutrino participated BNV processes

“AB=1l:p>av,Kv---
’ + _ Snowmass: 2203.08771, 2208.00010, 2210.04765
- AB — 2 NN —> f U, LU, He, Ma: 2101.01405, 2102.02562

S Schmidt et al: 231213361, 2401.04768
“AB=2& AL=2: pp = pn — CJignn — v,u;

Conventional two-body modes: N — v+M, M = 0, %, KO, £F ,po,pi,

Exotic two-body modes: N — v+ X, a light scalar/boson : D ';>'1'7j1.'10'+'\ """" 7\
A(B—L)=0 A(B+L)=0 . () .
Ot | (D)W ey | Ol | ()& o IR S * |
Ot du (£ Luf)(dECuL )€apy Oriua (V_Ldg)(@dg)eaﬁv % 0 Y f ' )-
O | () (uu))eapy | O%iga | (THuf)(d2%d] )eas, X , f 5
Ot | (Bu)(dPu))easy | Oy | (0df)(df°d])easy 531 ‘ ?
Ofduu (Edf‘)(uﬁcug)ea&y Ofdad (Edf)(dgcdg)eaﬂ'v ) _ -
Ofiau | (uf)(di w)eapy | Ofiua | (PdR)(up’dd)eas, DN AR N
Oy (VL dr )(dﬂc R )€afy O%de (Edﬁ‘ )(@dﬁy )€asy -3 -2 -l 0 1 - 3
Oyudd (fuf )(dff dp )€apy Cor? x (10°GeV)?
Oredu @uf{“)(@u;{ )€y Yi Liao, XDM, Hao-Lin Wang, 2506.05052

24
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BNV- exotic nucleon three-body decay

Process |Exp. bound I'"![yr]| Process |Exp. bound I'"![yr] Liao Yi, XDM, Xiang Zhao, 2511.xxxxx
n—eetv| 257x10% [15] |p—etop| 1.7 x10% [16]
n—e pto| 83x103[15] |p— putip| 2.2 x 1032 [16 AL=—1 AL =+1 AL=-3 | AL=+3
n— u-etv| 0.6 x 1030 [15) 1 0.9%10%0 [17] p Ll (2=xz,y)| n > L 0TV, (y=1,2)| p— Uelyl] | n = Vv,
nou-pto| 79x10% [15] | I (5 x 103! [18]) n— L0, (x=y,2)| P valf (2=19,2) | n = U0,
JUNO: 240517792 P — va bt (& =y, 2) | n— vy, (2 = z,y)
n— Uy, (2 = x,y)
Notation _Opelior Chiral Irrep. # of operators Process 6
O | () (ENE 1L.©8 | Inemu(n,+1)08) .
Orvtay. | (Vheviy) (UNyna) 8. ® 1y aneny (ny + 1) [18] sk
OLES, | (Fowm) @ Ny) | 80L | dmmn-DB | <
) (’);I;I;,Sefglz (meou,,VLy)(Esz:;ij“’) 10, ® 14 %nmv (ny — 1) [9] :@ ; 4t eaé'\ -
L ORT | () (N 3. ®3% 3nen, (n,, + 1) [18 & AN
j 035‘2?1?,2 (VLp0pLy) (5" :;2;,,”) 6. ® 3r %nen,, (n, — 1) [9] l: - b D
OMIN2 | (08 5, (e "N | 663 Lnen, (n, — 1) 9 =
Opvt zy (VLavy) (LN 3. ® 3y aneny (ny + 1) [18] T u
OIS | (v 0ummy) (0" NI | 3.@3; Lnny(n, — 1) [9] STy
Ov oy (VEerily) VL Niwa) 8. ® 1z sw(n; — 1) (8] 2
Oiviaye | haowra) i Nugt®) | 10081 | gm(n —2)(n D[] | 3 Ir—
O izyz (meVL[y)(sz] dud) 3. ® 3y %n,,(n,z, — 1) (8] =
2| OBn. | ) Vi) 1. ®8 sr(n, —1)[8 3
I | Oovoay: | (PiaOuwvty) PaNui ) 1.©10: | gn(n -2 -] | 3 ?‘9‘% (2% < %o <y, iy, <,
30w | e )mE) | 8es | inE-0E | e Ser S R R e

An alternative dim-9 LEFT BNV operator basis: H.-L. Li, Z. Ren, M.-L. Xiao, J.-H. Yu and Y.-H. Zheng, 2012.09188
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DM-neutrino interactions

Ongoing work.

10~19 |
Scalar DM case 2
— —20 =
OV | (w6169, 0) (X) 10
= g
] Fermion DM case 10~21 €>§
O | @yt ny) (vux) (X) @ }
i - — P —22 [ ,,f;/
(’)Xsz (L v ) (Xvuysx) g 10 I e
Vector DM case A ;10_23
OX’;A %[WV(MZ.&;VLJ'](XMXV T X”fX“) = '
0&)?2 (V_M’YHVLj)aV(X“TXV + XUTXN) 10—24 -l\'zunfz\.\l)
O (V_U’YNVLJ')(X;E/)XU)GM vpo 10-2 |
Vii | ety V(X6 XY DIUNO '\ MO SKTe. ...
Oyxa | i) (X)idu X") (X) B,
Ox,‘;gs (V_M’YNVL])Zay(XMTXV . XVTX“) (x) 10—26 _ | . I'I‘herma.l Rehlc Abunda.ncel | | | | |
0V | (Tryarny )ity (X1 X, )e P (X) 10-* 107" 10° 10" 10> 10° 10* 10° 10° 10
v (/ 1 74 p (o

m, (GeV)

arXiv:1912.09486v3

The operators depend on the spin of dark matter particle

26
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Summary

- EFT In neutrino physics Is overviewed, including EFIs at
different scales, matching, etc;

- EFT can help us to understand the origin of the neutrino
mass;

- Low energy neutrino processes can be well described by EFT
method.

Thank you for your time!
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