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Neutrino world is wonderful,

full of mysteries and treasures,

seducing us to explore.
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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

N\

Sfmassaﬁe- €. (I?L-)ﬁﬁ +h.c.=>mv
1% A m=-jn\=1 =/ nTm " 1%

« Neutrino mass model as an EFT

Integrate out heavy NP states and match onto some EFT

« Neutrino-participated processes in the EFTs

v—y,v—¢t,v—q,v—v,v— DM, -
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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 — ‘fZSM T ‘ffd_S 00 [ I gd_&_l_ ‘ffnn 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\

CLH
Zz dim5 — A Cim ]n(

LCL) +h.c.

« D € even (odd) if | B— L|/2is even (odd) for SMEFT «obach: 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
fAPCGRGIrGoH Ocn (H'H)(LeH) (LyuL) (L L) €ij€mn (LS L™)H  H"(H'H) OLeHD €ij€mn(LCty,e) HI (H™iD*H™)
fABCGAvGBrGOH Ounr (H'H)(QuH) (@, Q) (@7 Q) W2 H2D? V2H?X
GIJK‘TIJVWl/JpwpK“ Oan (HTH) (@dH) (@’YfTIQ)(?'WTIQ) OLDHI ( €ij€mn (WE:LJ ) (Hm D#Hn) OLHB 91€ij€mn (Lc’iaﬁw Lm)Hj H" B
JIK W,f"WquW[f{“ r,yXHj— h.c. _(L%L) (g’y“Q) OrpHo ( €im€in (WLj ) (DuHm Dy.Hn) O aw 92€i; (CTI)mn (WG#V Lm)Hj HrW Inv
H® Oew (La“”e)TIHWiV (Ly,m L) (Qy*71Q) ’U4 D VAH
(HTH)3 Oep (Lo**e)HB,, (RR)(RR) — — . ' - me—
HAD? Ouc (@a”"TAu)ITIGﬁU (5’7;1,6)(57”6) OEuLDL ( ) €ij (d'YM'Ua) (LC,zz(B“L]) OELLLH €ij emn(eL ) s )H
(HTH)D(HTH) Ouw (GO'MVU)TI[{W’{V (E’Y“U)(E’)’“’U,) OEQLLH]- (*) f'i,j ffr—nn (sz) LT uu) m i
(H'D,H)*(H'D,H) OuB (Qo*u)HB,,, (dv,.d)(dv*d) Odorim2 (%) €ij 6rrm(df wQ') (LS " L™)H
X2H? Ouc Qo TA)HG, 1) (@) Dim7 Odurerr (%) €15 (v, u) (L5 z“ 6)357 :
HTHG::XVGA#V Oaw (QO'#Vd)TIHWJV (57,&) (d,),ll»d) OauLLH 6,‘,3' (QU) (L L )H
HYHG:,GA™ OuB (Qo**d)HB,,, (wy,w) (dy*d)
HTHW], wiw W2H?D (wy, T4u) (dy*TAd)
HYHW!, Wik oW (H'iD, H)(Zy*L) (LL)(RR)
H'HB,,B" 0¥ (HTiEZH)(f'y"TI L) (Ly,L) (e e)
HYHB,,B" Oe (H'iD, H)(eye) (T, L) (@y"u) . .
Opwp | H'T'HW,,B" oF) | (HNDLH)@r Q) (QuQ)(er"e)
On | (H'iDuH) (") @O Fromm SMEFT, BSM operators with v are quite limited
Oa (HYiD, H)(dy*d) (QVuTAQ) (@ T Au)
Opua+hec. | (H'D, H)(uy"d) (@7, Q) (dy"d) :
oo ¢ Hardto probe due to ghost-like property
(LR)(RL) + h.c. . . o
(o)) Suitable for collider study: missing energy, ...
(LR)(LR) + h.c.
€i; (Qu)(Qid)
€ij (@TAU) (@TACZ)
eij(Lie)(Qiu)
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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)

10
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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

11
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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

12
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Direct v processes Indirect v processes

« Ouvpp

« Neutrino mass:

. Neutrino dipole moments: vo,, (iys)v' F*

- Neutrino NSI, LFV: Q

» Neutrino NSI, FCNC:

+ Hadron decay: (217)(gl’q’) @

. Neutrino SI: (21 2)(0"T"0") Mass mechanism Long-distance

. BNV: (il'q)(q'CT"g"")

13
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RGEs

Resum the large logs from perturbative expansion = improve perturbative expansion

The dominant contributions are from the 1-loop SM correction

dc
ﬁ
The renormalization group equation: 1677 =yC
dInu

Operator mixing effect: non-diagonal ¥

Important to precisely interpret the experimental data

Non-trivial structure in QFT

14
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Antusch et al: 0108005

/Dim5:

Dl M 6 . Jenkins et al: 1308.2627, 1310.4838, 1312.2014, 1405.0486; Elias-Miro et al: 1309.0819; Wang et al , 2302.08140

Dim7:

Liao & Ma: 1607.07309, 1901.10302 ; Zhang, 2306.03008, 2310.11055

SMEFT

DIMS8: chala et al: 2106.05291, 2205.03301; Bakshi tal : 2301.07151; Assi et al: 2307.03187

I/SMEFT d|m6 Datta et al: 201012109, 2103.04441

d pr P i
1672 dC p _ (3d2— 18d + 19)),—3(07_5)&,2_3(301_ 11)g2+(d—3)W Cdl?l”_z [(Y YT) de-l-(Y YT) C4 py
dlnu | 4 | 2 Hl S = |VetewLH eXe)Crg |5
L L
- LSV (H H)d-5" ¥ x M & é\:z 6
@LH €im ]n(L L) Hm(H H) (// \\» «\/VM» 4// \\»
@ N B Liao & Ma: 1701.08019

Structure of ¥, non-normalization theorem, on-shell calculation of v, ....

15
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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

16
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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

17
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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

18

Liao, Ma, 2210.04270 (Scoto)
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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: Li, Zhou: 230910851

19
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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 ""°) = (X‘b A‘M’)
o W%L Pe T‘bgl Pe e ?
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

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

3 n=1

Ha.rd

Beneke and V.A. Smirnov: 9711391
Smirnov: Applied asymptotic expansions in momenta and masses

20
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From Green basis to Standard basis

Double expansion: loop expansion and low energy expansion
Background field method

Threshold corrections: correction for dim<=4 terms
Renormalization: tame the divergence

Green basis: a redundant basis without applying EoM relations

Convert to standard basis via various identities and manipulations

21
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Matching scotogenic model onto SMEFT

Fermion H - s, o H
Scalar 7 . )

* Neutrino mass oL
 Dark matter ne en
. Testability @ collider _L &  *~ L

Scotogenic model =

7O = e 6, (LS LM HIH

C
LH,5 y-mnx-p

2
o [Y*m G(x)Y’*‘] —”—H[Y*m G(x)Y"‘]
LH,5 327[27%,% n "N n o 6m,% n "IN 4 1 .

Integrate out /V and 7 via| |}
| functional method | JL,

roo__ AT mNTy LIn¢ Iyt
O = e, (LS L HIH(HH)

ij-mn

A f’
_?H lygmNG4(x)Y,j] }
pr) j

As
pro— T
= T2 {(13 + ) [Y,;kmNGZ(x) Yﬂ]

pr

. . or /151/2 I Ax + Ay)V ]
Neutrino mass matrix R srvrermh X ) ‘
327m“m 2 3

22
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Matching between SMEFT and LEFT

Integrate out the SM heavy h, Z, W=, t particles from the SMEFT at electroweak scale

SMEFT
dim-5

Matching
dim-6

dim-/
dim-8

LEFT
dim-3
dim-4
dim-5
dim-6
dim-7

Jenkins, Manohar, Stoffer: 1709.04486: Dekens and Stoffer 1908.05295

Liao, Ma, Wang: 2005.08013
Hamoudou, Kumar, London: 2207.08856

1908.05295

Vp

23
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A Quick tour for phenomenologies
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Neutrino EM property

mdm:
edm:

Charge radius:

Anapole moment:

Others

SM:

vy, vo, F*

EyﬂysvayF HY

U(ys)vl,

9)
x Gz

Transition moments for Majorana neutrinos

Terrestrial exp: DMDD (v,), v exp

Astrophysics: Stellar Cooling
Cosmology: BBN, CMB

Accelerator:

x Gpm,

25
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Brdar, Greljo, Kopp, Opferkuch: 2105.06846

"’ v,, coupling only

~8
‘o 10 ,/' NOMAD
= BARM-I1
)
=
£ 10°° '-I
g ---;"——B—QB@(-H-Q—Q _______ _ MINIBoONE
&) / Rl N, ICECUBE
g 107
&
g
o
£ 1071 o
- e
. :

10~ :

1072 1071 10° 10! 10? 10°

Right-handed neutrino mass My [MeV]

26
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NSl and NGI (NC)

A scattered B ¢
neutrino
10‘-:-—
nuclear e 15
recoll L F
Py
107" 4
g F
({) e
: 7 B
D 9 i
) €5 Z10t e
@9’ secondary =
‘ recoils C
scintillation
10°
5

COHERENT: 1708.01294

(YaYuPrLvg) (@7 Prgyr)

L5, D —2V2Gpel "
— 2V2G re P (VavuPrvs) (@7 Prar)
— V2Gred P (vaPrvs) (Tpar)
+ \/iGpe?aip " (VaPrvg) (@p59r)

—2v/2@G Fe%ip " (Voo Prvg) (gpo*” PLgy)

-- "®°Cs CEVNS —— Pb v, NIN total
....... 127) GEVNS «===== Pb v, NIN 1n
v,"7IcC e Pb v, NIN 2n
— IBD A RRRSARRARAARERRRARARRRES]
o et
‘;'l.lllllllllll::.llllllllllllll'llllllllll'l Lt
10 15 20 25 30 35 40 45 50 55
Neutrino Energy (MeV)
~apr (—— =
— 2V2Grér )" (VavuPrvs) (@" Prar)
~afpr (— _
— 2V2GréR )" (VayuPrvs) (@7" Pray)
~CY T f— _—
— V2GFrEd P (VaPrys) (Tpar)

+ V2GFrE T (VaPrvs) (@154r)

— QﬁGFE%ip " (Vao"” Prug) (gpo*” Prgr) ,

* Freedman: PhysRevD.9.1389

* Enhanced by # of nucleons

- |

* Sensitivity to TeV scale NPs

1907.00991,

Daya Bay: 1401.02901

Li: 1408.6301

Liao: 1612.01443, 1704.04711

Du et al: 2011.14292, 2106.15800
Farzan: 1710.09360,

27
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NSl and NGl (CC)

1Tf_—ms--w-
| [¢s]e, = free, 6cp = free Daya Bay: 2401.02901
2Vud — L = .
Zwerr D =5~ { (1 +er)ap(@y" Prd)(lay, Prvp) 1.2}
er]ap(@y" Prd)(loyuPLys) |
1 - 1.0_'
+ 5[5S]a5(Ud)(laPLVﬂ)
1 _ . 0.8}
— 5[5P]aﬁ(u75d)(laPLVﬁ) ER
1 @0 Prd) (1o, P h "~ ogf
T Z[E;T]aﬁ(ug L )( a0 py LVﬁ) + h.c. ;. .
o]
L W S i lo
GF 0.2f 20
| 30 _
Unitarity of CKM matrix ol N + Best fit .

Meson decays

0.018 0.020 0.022 0.024 0.026 0.028 0.030 0.032

SiIl2 91 2

Neutrino oscillations exp: the v production, propagation and detection

28
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FCNC with neutrino pairs

Observable SM Br prediction: | 90% C.L. upper bound

Bt - Ktvp (4.4 +0.6) x 107° 1.6 x 107°

B —» K% (4.1 £0.6) x 107° 2.6 x 107°
Bt — K*tvup (1.0 £0.1) x 107° 4.0 x 107°

BY — K*0up (9.5 +1.0) x 107° 1.8 x 107°

Bt - ntuw (2.391059) x 1077 1.4 x 1075

B° — nOui (1.21512) x 1077 9.0 x 1076

Bt — ptuw (4.5 +1.0) x 10~ 3.0 x 107°

BY — pOvi (2.0 +0.4) x 107 4.0 x 107°

Kt —7atvp | (8.140.4) x 1071 (1.1470-33) x 10710
K; — v (2.8 £0.2) x 1011 4.9 x 1072

« KOTO anomaly in Kaon decay
. Baryon sector: B; = B

« Other mesons:
M; = Mav, M — vv

NP related to neutrino sector

29
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Recent Belle Il result

TA -/
v.. -
‘j N
b — (B!ig n4s, > |:‘\ /‘\ -
K+« ™

signal Kaon

Rest-of-the-Event (ROE)

Inclusive Tag analysis (ITA)
more sensitive

. Combination: B(B™ — K vp)

. SM prediction: B(B" — K

HTA
....... . ‘{/"‘\.‘/
...... B PR n45) _’t Bt:;; J 2
\_/
K \/—\.
I".l. |\ 3 -/'.
| K
signal Kaon

Btag

Hadronic Tag analysis (HTA)
more conventional

= (23+0.7)x 107

eXp

Ui)ay = (4.43 £0.31) X 107°

. 2.8 0 higher than SM prediction = New physics possibility

30
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New contributions to b — svi with heavy new mediators

4GF e’ Lo . @( W = (S}///tPLd)(UzyﬂP )
T o = VaVi—— Y (Cloi + Cloh) + h.c..

y2 e SRR 0" = G1,Prd)(Diy"Psv)

He, Ma, Valencia: 2309.12741

31
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Neutrino participated BNV processes

“AB=l:p->nv,Kv---

Snowmass: 2203.08771, 2208.00010, 2210.04765
He, Ma: 2101.01405, 2102.02562

“AB =2:NN' - v, vv: ,
Schmidt et al: 231213361, 2401.04768
©AB=2&AL=2; m,, BAU, GUTs....

pp — pn — Cugnn — U0,

SMEFT: [ dim-9: O(qqqqqq) 1dim-11: (’)(qqqqquH)I dim-12: O(qqqqqqll) Idim-13: (’)(qqqqqqll_H)J

%

LEFT: [ dim-9: O(uudddd) Idim-12: (’)(uuudddeﬁ)] [dim-12: O(uuudddel/)]
SM: (d ry,ur)(Zry"er)

BxPI: [dim-G: (’)(npeﬁ)] [dim-ﬁ: (’)(npel/)J

Process: [ n — pet v, ] [n — per VW] Ez — pe’ Dew]

(ABa AL) — (_270) (ABa AL) — (_27 _2) >
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Other interesting topics not covered

*0upp

* NSI In COsmOlOgy: Neff ouevu 201100
* Long-lived particle
* CP violation and flavor invariants v« znou 22031012

* PQSitiVity bOU nd Li & Zhou: 2202.12907, 2203.10121

* Neutrino self-interaction

33
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Summary

- EFT In neutrino physics Is overviewed, including EFTs at different
scales, their renormalization, 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.

34
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