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EFT description for neutrino Ovbb
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Origin of Neutrino Mass

The existence of neutrino masses is the first evidence of new physics beyond Standard Model

Cosmological Neutrino QCD  electroweak GUT Planck
constant scale scale scale scale mass
1072 GeV 1077 1075 10’ 10" 10" 10"

Why neutrino masses so tiny? Why Higgs mass so light?

Elucidate the Mysteries Decipher
of Neutrinos the
Reveal the Secrets of Quantum
the Higgs Boson Realm
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Dirac vs Majorana Neutrino

Simplest way to give neutrino masses is introducing the right-handed neutrino

— 1. — 1 —
Ly = mp YryPr + EmL PrYL + imR YrY% + h.c.

N e’ R e
Dirac term Majorana terms
M — 0 mp M — 0 mp
mp () mp MR
How to forbid the Majorana term? The Majorana term should be there
Lepton number conservation <]:: Lepton number violation
H , v
A L A i
(H) ¥* " T " Y
” 2
m, — YV’UEW m, = (Y UEW)
mp
Tiny Yukawa coupling Yukawa coupling not small, but mR heavy

[ See Zhi-Zhong Xing’s talk ]
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Majorana Neutrino: Origin of Matter

Majorana neutrino also explains matter-antimatter asymmetry

Cosmological Neutrino QCD  electroweak GUT Planck
constant scale scale scale scale mass

1072 GeV 1077 10~° 10’ 10" 10" 10"

Why neutrino masses so tiny? Why Higgs mass so light?

Elucidate the Mysteries
of Neutrinos

Electroweak baryogengesis

Reveal the Secrets of
the Higgs Boson

Decipher [ See Ramsey-Musolf’s talk ]
the

Quantum

Realm
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Nature of Majorana Neutrino

How to distinguish Dirac vs Majorana neutrino?
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Neutrinoless Double Beta Decay

Low energy probe of high energy new physics

energy

mp scale
. Weinberg, 1979
Weinberg operator [ Weinberg !
Cij
CWeinberg — A (LIH)(L]H) +h.c..
v? h
EW scale — C,-J-XI/,-I/J- +h.c.
... the effective field theory point view had
redicted the neutrino masses
MeV scale P
Nucleus [ Weinberg, 2021 ]
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Tower of effective field theories

Why EFT framework? it is natural to consider different EFTs to avoid large Logs

NP Scale

EW scale --

Agcp

MeV scale ...

New physics scenarios, SUSY, ...

Standard model effective field theory

Electroweak chiral Lagrangian with Higgs

Low energy effective field theory

QCD chiral Lagrangian with heavy baryon
Chiral nuclear force and nuclear matrix

RGE running effects not so smalli

EFT framework!

l Strong coupling region

chiral expansion is perturbative!
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Complete EFT Framework for Ovbb

Operator bases for different EFTs are necessarily needed to provide most general description

| Cirigliano, Dekens, de Vries, Graesser, Mereghetti, 2018]

_y'_‘y_‘

Energy

~ 100 GeV

dim — 3 dim — 9

. (. © z
mgg: V—V . ev) @ dd — uuee

g u|—_ O 33 operators Ov 33 operators
LW (Long- and pion-range) (short-range)
O
_________ -8
> rAAAP, PP MM f1AA,AP,PP T1AP,PP
% '8 _8 A'[F’ A'[GT,T AlF,Sd’ AIGT,sd L AIT,sd
-
> 0 W
~ 1 MeV =

v See Shun Zhou’s talk
T10/2(0+—>0+) [ See Shun Zhou'’s talk ]
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Complete EFT Framework for Ovbb

Operator bases for different EFTs are necessarily needed to provide most general description

| Cirigliano, Dekens, de Vries, Graesser, Mereghetti, 2018]

>
5 UV models new particles
c
w [ See Shun Zhou and Jingyu Zhu’s talk ]
A
—
(W
:
= Quark level operators
~ 100 GeV
E dim — 3 dim — 6 dim — 7 dim — 9
LL] mgg: v —v" d — uev d — uev) @ 0 dd — uuee
~ [ See Gang Li’s talk ]

.
Hadronic level operators

[ See Bingwei Long and Tai-Xing Liu’s talk ]

l

Nuclear level operators

AAAP,PP MM ,, rAA, AP, PP » AP PP
Mp, M Mg, oq, MASAPPP pf

GT,T AT sd

[ See Pengwei Zhao and Chun-Lin Bai’s talk ]
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Complete EFT Framework for Ovbb

Operator bases for different EFTs are necessarily needed to provide most general description

Energy

~ 100 GeV

~ 1 MeV

| Cirigliano, Dekens, de Vries, Graesser, Mereghetti, 2018]

—

L

Y/

v

E dim — 3 dim — 6 dim -7 dim — 9
LL] mgg: vV — V" d — uev d — uev) ® d dd — uuee
—I -— -

g E Ov 33 operators Ov 33 operators
6 wl (Long- and pion-range) (short-range)

I T I I B I T T T R I

, rAAAP,PP,MM fAA AP, PP 3 rAP,PP
AIF’ A’IGT,T A'IFsSd’ AJGT,sd ) A[T,sd

Many
body
Methods

075,07 - 01)
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UV models new particles
Repeat for each model

Quark level operators
Operator correlation
l How to do matching
Hadronic level operators
External source not enough

l

Nuclear level operators
Nucleon matrix element incomplete
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Complete EFT Framework for Ovbb

Operator bases for different EFTs are necessarily needed to provide most general description

Energy

~ 100 GeV

~ 1 MeV

I T I

dim — 3

mgg: Vv — V"

EFT

AA,AP,PP,MM | rAA,AP,PP AP, PP
Mp, M Mp sa, M M

Many
body
Methods

| Cirigliano, Dekens, de Vries, Graesser, Mereghetti, 2018]

UV models new particles

l

Quark level operators

dim — 6 dim -7 dim — 9
d — uev d — uev) ® 0 dd — uuee

e [Leownon] Llugued |

Hadronic level operators

O 33 operators Ov 33 operators
(Long- and pion-range) (short-range)

I B I T T T R I

GT.T GT,sd L T, sd

Nuclear level operators

Setup a general framework

Need complete operators at each level
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Quark level EFTs: SMIEFT and LEFT

[ Hao-Lin Li, Zhe Ren, Ming-Lei Xiao, J.H.Yu, Yu-Hui Zheng, 2201.04639 ]
[ Hao-Lin Li, Zhe Ren, Ming-Lei Xiao, J.H.Yu, Yu-Hui Zheng,2012.09188 ]
[ Hao-Lin Li, Zhe Ren, Ming-Lei Xiao, J.H.Yu, Yu-Hui Zheng, 2007.07899 ]
[ Hao-Lin Li, Jing Shu, Zhe Ren, Ming-Lei Xiao, J.H.Yu, Yu-Hui Zheng, 2005.00008 ]
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Standard Model Effective Field Theory

Standard model is viewed as the leading renormalizable terms of most general effective field theory

A
ZrrT = Lo9<4 - A5 |

Standard Weinberg

[ Weinberg, 1980 ]

Model Operator 100000000991 Hanning, Lu, Melia, Murayama, 1512.03433 7557369962 |
2795173575
Clj 1000000000
—(LH)(LH)+h.c.
AT /
100000000
10000000 - Li et al,, e
R 2005.00008 —=7 5474170
17 elementary particles 2 toooooc e -
ry p S  Buchmuller & Murphy, P -
° Wyler, 86 2005.00059 .-~ 7257378
o O e 0 ) 100000 - e 90456 -
§ Grzadkowski et al., 44807 -~ -
LE 10000 L 1008.4884 //,a’ 15/4/5,6 - — ?1’962
P SRS SR U © 3045 g el Harlander, Kempkens & Schaaf,
SM Z uv’ _Z ju' _Z Hv - a g 1000 |- ’,/” — 2305-06832
kinetic energies andlself-interactions o{the gauge bosons i ”,’,. 560 up to dim-1 2
+ Ly* (ié‘p ——grW, - Zg'YB, |L+Ry* (iay ——g'YB,,)R 100l - Li et al,, i
> 26" > , 2007.07899
kinetic energies and electroweak interactions of fermions _- > 30
1(. 1 1o ) 1o} 12 ey’ Liao & Ma :
s = ,aﬂ __gz-.VVﬂ __gYB”J¢ —V(¢) ’,/’ LIaO & Ma, 2 J
SN e , 2 1607 07309 2007.08125 [ from Shun Zhou’s talk ]
W= ,Z,y and Higgs masses and couplings B B .1
+  g(@'Ta)6;  + (GLIR+GLAR+hc) Weinberg, 79 Lehman,1410.4193
interactions between quarks and gluons fermion masses and couplings to Higgs é 6' 71’ é gl 110 111 112 1'3 1'4 115

19 parameters, all measured but theta term

ing of independent operators up to dim-15 Mass dimension

Standard Model Effective Field Theory (SMEFT) provides systematic parameterization of all possible
Lorentz-inv. new physics
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Operators for Ovbb

SMEFT dim-5,7,9 operators provides most general parametrization of new physics for Ovbb

u
d
= - i - 2 a2 42
- el (¢1CL;) Hy H, Dlm'5, 7 Dim-7 Dim 7, 9 D7 Ht= L1
Orx e*ed (7 Co;)H Hy(H' H) Orenp  €’€" (¢ Cy"e)H;Hy(iD, Hy) Opup1  €7e"(tTCD¢;)(H D" H))
Oraw —€*(er!)'((F Cio" ;) H  HiW !
! : D2 Ht2 L+2 WL
e = o o ¢ =
\.'n
u u u u

| Dim-7 Dim-7,9 Dim-9
OdLQLHl GUG ( z)(qajcek)Hl O ij C_ia i eTCD /
OdLQLH2 € 6]1( z)(qg;CKk)Hl duLLD € ( i Ua)( i iy, .7)
5 dc? L? Q?%, dc?dct L? uct, dc L2 ucuct?, dc?ect LQuct,
OdLuer U(d ¢i)(u TCe) Ddct Lt%uc dct? ec? uc?, de L?QQt uct, dct ec Lt Quc?, Lt? Q% uc?
OQuLLH €7 (q"ua) (UL Cl; ) H )H; dct ecHt Lt uc WL
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Operator Correlation for nv mass/Ovbb

SMEFT dim-5,7,9 operators provides most general parametrization of new physics for neutrino
masses and Ovbb

@ ©

e -
Correlated between mv and Ovbb u \ / :
“ ', ﬁ o
——Q—>—
VI VL d ) vov ) d

Dim-5, 7, 9 neutrino mass

Ovpp

05 e“’”’eﬂ(ﬁngéj)HkHl
Orn el (0] Ct;)H H)(HH)

Ovbb does not need to be related to the total neutrino masses

wy ur,

Lepton number violation e \J e
2t achuch, de L3001 uer, dor ac Lt Quch, L13 B uch Very tiny loop-level neutrino mass
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Ovbb and Neutrino Masses

Schechter-Valle Theorem: Whatever processes cause Ovbb, its observation would imply existence of
Majorana mass term
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SMEFT Dimension-6 Operators

Dimension-6 operators parametrize new physics effects at low energy, electroweak precision, and Higgs
boson physics, etc
s % L

Zrrr = L9<4 A A e | e A

One important task of LHC run-3 : dim-6 operator Wilson coefficients [ Grzadkowski, Iskrzynski, Misiak, Rosiek, 2010 ]

A® o [ Buchmuller and Wyler, 1986 ]

200/
5 |
> _
=~ 150"
@) _
'-'c—-; : D_im-5
-E 100__ Weinberg

50

1980 1990 2000 2010 2020

year

Why take 25 years to write down complete and independent dimension-6 operators?
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[ Buchmuller and Wyler, 1986 ]

1y 1 \3 Og =fABcG:VGf"Gf“,
=3(¢'¢)", o

1 + “ ¥ Oé:’fABCGp.va Ga“',
Osp=20.(0° @) (@70) . o _, wiwnwk
0., = (¢'0)(Zep), Ow= ek W, W Wi

O., = (' ¢)(gue), O = ily,D,¢(B*"

=ia ny
04, = (¢'0)(Gde), Ogs = iqy,D,qB™",

O,c=3(¢'9)GL. G, o =(0T0)GL,G™,

Opw =3¢ @)W, W, ¢w—(‘P ‘o)W, Wi
=3(¢"¢)B,,B*", 0.5=(¢'¢)B,.B*",

Ows =(¢'r'0) WL, B, Ows=(¢'t'0) WL, B"",

0. =(¢'¢)(De'D"¢), 0 =(¢'D"¢)(Due'e).

Oew = ilr'y, D, ¢W™” 0% =i(¢'D,p)(y*0),
O.p =iey,D,eB"",

O, = igr*y,D,qG*,
qu = i@r' 'y“D,qW"‘" R

O =i(¢'D,r'0)(ly*7'¢),

O,.=i(¢'D,p)(ey"e),

Ouc = iaAAYF.DuuGA“v, OE;‘I) = l(‘P*Dp‘P)(q-‘)'MQ) >
O, = iiiy,D,uB*", 0% =i(e'D,7'0)(gy"r'q),
"
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O, = idy,D,dB"*" . . -
a8 = 1&¥u 0,, = i(¢'D,o)(dy"d),

Op, =(¢D,e)D*p, O5,=(Dfe)D . 1. o)(dy*d) .
Op. = (gD, u)D*¢, Op. =(D,.qu)D*¢,
Ops =(§D,d)D"*p, Opaq =(D,qd)D"*¢p,

0y =5(&y,6)(&y"¢),
0%" =Xgv.9)(ar"q)

045” =3(gv.r' )Gy r'q)
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Ouw = (Go*7'd)oWL,, Oy =(3o*"d)¢B,,. O, = (Ze)(¢)

O.. =3(&y,e)(ey*e), Opn = (Zu)(ﬁt’) R

O =Yayu)dy*u), OF=YayA*u)ay*r*y),  Owu=(Zd)(d0l),

04 =¥(dy,d)(dy*d), Of =}dyr*d)(dy*a*d),  O.=(ge)(&q),
O.. = (&y,e)(ay u), Ogqu =(gu)(aq) ,
O.q = (y,e)(dy"d), ' g;’ =(gd)(dg),
0%l = (ay,u)(dy*d) , 0% = (y, A *u)(dy*A%d) . O, = (Ze)(dq)

Equation of motion (field redefinition)

(D"Dup)y = m* — Mp'p) ¢’ — el + epgd*Tu — dI)¢

iPl =T.ep, iDe=T10l, iDg=T,up+Tidp, iDu="T]g,

(DW,)' = 4 (AiDle + Iur'l + anr'a),

Covariant derivative commutator
[Dpv Da] ~ Xpa'

80 29
Bianchi identity D, X, =0

Integration by part (total derivatives)
(D) (D7) = —(D™ 1) (D™ 1) + 0 (D) (D™ )|

. . . 1 1
Fierz identity TLT. = 5%ax0ks — £0apli
3,)=2(Z'yp 0Oy 7'¢) JIk im — 25jn5mk‘ — (Sjk(smn

oW =3(qv.A*9)(gy*1%q),
0% =X gy A%7'q)(gy*r*r'q) ,
0% = (&y,r'O)(gy*r'q) .

O = (qu)(gd) 80-1-16-5+1 = 59
0% = (gr*u)(gr*d),
Ocy = (fe)(qu) .

O = (gr*u)(iar‘q),
O =(grd)(dr"q),
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SMEFT Dimension-6 Operators

[ Grzadkowski, Iskrzynski, Misiak, Rosiek, 2010 ]
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Operator with Spinor Indices

Operator has more symmetries than what we expected

Field as irreducible rep of Lorentz group Field transforming under Little group of Poincare
SO(3,1) SL(2,C)  sue). xsv@), Spinor-helicity Building blocks in spinor-helicity form
¢ ¢ €(0,0) D, e AAN,
P ha € (1/2,0) ©0,1/2). Aa Dr,-—l/2wi(’3') & 1:111/2 JiriFl2,
2 v
FHV FLaB = §Fuu0'55 - (1 0) Aa )\3 Drl._lFL/Ri o /11’111/11 ri +1
F =—2F vah € (0,1)
Biavpo Copn= Cunoas?ss € (2,0) AaAg Ay As D Cy; & AR,
D'u Dad — DMUZd = (1/2’ 1/2) )\a ;\d
On-shell operator (i) = PR,
N rih; M N ezh,(pM o [l]] = /Tl-dé'dﬂjjﬂ'
[053) = () [ ] 0TI, :,h,] ()86 VO Iy A7 A | e On-shell Brackets
i=1 /{ o e—l(p/2/1 LN ech/Z/{I
2
(12)=(34)[34]
FLlaﬁFLzaﬂ(D¢3)yd(D¢4)ya D2 o 0
EOM and CDC bi & Pi =

[DH,D,,] = [p/upl/] =0
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Operator as On-shell Amplitude

[ Li, Ren, Xiao, Yu, Zheng, 2201.04639 ]
[ Li, Ren, Xiao, Yu, Zheng, 2012.09188 ]

[ Li, Ren, Xiao, Yu, Zheng, 2007.07899 ]

l | [ Li, Ren, Shu, Xiao, Yu, Zheng, 2005.00008 ]
Do Dpyp = DllDVG[l:xdo-;]ﬂ' = —D’€,p5€45 + é[D“, D, l€,5(6"")y,
— Symmetrize indices |[RYPAZ RN NE R e NgToM 1 |
DiaicFipy = 3Dy FiuslaaOsf, = 10" Fiueap0lss (D¥)ags = —5€as(PY)a + 5 (DY) (ap)a
€ay g €ay g Earpay €5 F& Y5> (Dv:z)i-f (Do)t l

i ri—h; ~;
(@)@, NOITTN, AL girith,

n

b= DUl A ; Ut A SL(2,C) x SU(N) -
J ] )

\ |
~ ~ .
n n l

b (ij)

Momentum conservation

On-shell Amplitude

#N
{1,...,1,2,...,2,.. ,N, , N} L1112 (13) (13) (24) [34] FYPy3 (Das) g (Deba),,
213|134
#i = n — 2h,; 1/1]1[3] (12)(13)(34)[34]  FyY¥a (D) "a (D),
2123 |4

On-shell Amplitude correspondence

n 20
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Operator as Spinor Young Tensor

Dim-8 operators: 993 (44807) operators for 1 (3) generations

Eg HE W
Traditional method - 0 2 4 6 8
w
5 0
BWHHTD [ Hays, Martin, Sanz, Setford, 2018]
277t sV ) T vp nwrrt vp T o VP 2 I

(D*HYYHBp,,W}", (D"D,H"YHBL,,W}", (D,D"H"YHBL,,W}", (D, H")(D"H)BL,,W;"*,

(D, H")Y(D"H)Bp,,W}*, (DYH")(D,H)Bp,,W}"*, (D,HYH(D"Bp,,)W”, (D,H )H(D"Bp,,)W}”,

(D*HY)YH(D,Br,,)Wi*, (D,,HT)HBL,,,,(_;)"Ié}”’), (D, H")YHBy,,(D*W!*), (D*H"YHBL,,(D,W}*), 4

HY(D*H)By,,W}", H(D"D,H)Bp,,W2 \#(D,D"H)BL,,W,", H' (D"H)(DuBr.,)W,",

H'(D"H)(D,BLy,)W}*, H (D,H)(D"Bp,,)W”, H'(D"H)By,,(D,W}"), H'(D"H)BL,,(D,W}”),

HY(D,H)By,,(D*W}*), H'H(D?*Bp,.,)W!", H' H(D"D,BL,,)W;”, H H(D,D"Bp,,)W;*,

HH(D¥Br,)(D,WE?), HH(D" By,,)(DWE?), HUH(D,Bya,)(D"Wi), HHBy,,(D*Wi™), 6 -Ei B

H'HBy,,(D"D,W;*), H'HBy,,(D,D"W[’). (14)

AV . af aff AE On
(DH")aa(DH) 34 Brirsy Wi ieny €7 e* €M

(DHT)ad».(DH)gBBL{qa}WL{gn} %66‘3655(6“765" + €87em)
(DH") o H (DBL) {;ﬁ}’ Wiien eaéeaﬁevfeén
(DH")ae H Brig)y(DWL) 5.5, 5 edé B V0N BW H HT D2 #1=3,#2=3,#3=1,#4 =1
H' (DH )aq (DBL) 5,51, sWiien) BB A€ on
H"(DH) a4 Brien (DWL){/B’M},B @Bt edn
H'H (DBL){apy},a(DWL) (¢05y.5 OB el e end

BL""Wias (g
BLQJ“'L"“; (

[BP 11]1
227274 2[2]31]4

)
[—
[—
[—
Do

) & (DH)_

).m (DH)w ’

(13) (13) (24) [34] (12) (13) (34) [34]

BL**Wias (DH') 4 (DH), %, BL**W,” (DH') . (DH),*

o &
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EFT Operator Bases

Zrrr = ZLg<y A A2 | A3 It

Standard Model Effective Field Theory Low Energy Effective Field Theory

SU(3) x SU(2) x U(1) gauge symmetry SU(3) x U(1) gauge symmetry

!

Dim- [Weinberg, 1979] Dim- [Dirac, 1932 ]

[ Fermi, 1934 ]
[ Lee,Yang, 1956 ]
[Jenkins, Manohar, Stoffer, 2017]

[Buchmuller, Wyler, 1986]
[ Grzadkowski, Iskrzynski, Misiak, Rosiek, 2010]

[Lehman, 2014]
Dim- [ Henning, Lu, Melia, Murayama, 20157 [Liao, Ma, Wang, 2020]
[Liao, Ma, 201 6] [ Li, Ren, Xiao, Yu, Zheng, 2020]

[ Li, Ren, Shu, Xiao, Yu, Zheng, 2020] [ Li, Ren, Xiao, Yu, Zheng, 2020]
[Murphy, 2020] [Murphy, 2020}

[ Li, Ren, Xiao, Yu, Zheng, 2020]
[Liao, Ma, 2020]

[ Li, Ren, Xiao, Yu, Zheng, 2020]
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ABCA4EFT Package

[ Li, Ren, Xiao, Yu, Zheng, 2201.04639 ]

Amplitude Basis Construction for Effective Field Theory

Home
Repo
Downloads
Contact

Welcome to the HEPForge Project: ABC4EFT

This is the website for the Mathematica package: Amplitude Basis Construction for Effective Field Th
Package

This package has the following features:

¢ It provides a general procedure to construct the independent and complete operator bases for generic L
invariant effective field theory, given any kind of gauge symmetry and field content, up to any mass dimu

e Various operator bases have been systematically constructed to emphasize different aspects: operator
independence (y-basis), flavor relation (p-basis) and conserved quantum number (j-basis).

e |t provides a systematic way to convert any operator into our on-shell amplitude basis and the basis cor
can be easily done.

Authors
The collaboration group at Institute of Theoretical Physics, CAS Beijing (ITP-CAS)

e Hao-Lin Li (previously postdoc at ITP-CAS, now postdoc at UC Louvain)

Zhe Ren (4th-year graduate student at ITP-CAS)

Ming-Lei Xiao (previously postdoc at ITP-CAS, now postdoc at Northwestern and Argonne)

Jiang-Hao Yu (professor at ITP-CAS)

Yu-Hui Zheng (5th-year graduate student at ITP-CAS)

25

Dim

‘ Model

Lorentz
%

Invariance

Classes

Gauge

!

Invariance

https://abc4eft.hepforge.org/

Types

|

epeated ]

R
Field

Fully Automatic

Dark matter EFT
Sterile neutrino EFT

Gravity EFT
Axion EFT
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Hadronic level EFTs: ChPT and ChEFT

[ Chuan-Qiang Song, Hao Sun, J.H.Yu, 2404.15047 ]

[ Xuan-He Li, Hao Sun, Feng-Jie Tang, J.H.Yu, 2404.14152 ]
[ Hao Sun,Yi-Ning Wang, J.H.Yu, 2501.14018 ]
[ Gang Li, Chuan-Qiang Song, J.H.Yu, 2507.02538 ]

[ Chuan-Qiang Song, Hao Sun, J.H.Yu, 2501.09787 ]

Jiang-Hao Yu (ITP-CAS)



EFTs in Broken Phase

Matchin
Standard Model Effective Field Theory _g» Low Energy Effective Field Theory

Running
approximate custodial symmetry approximate chiral symmetry
SU(2) x SU(2) SU(3) x SU(3)
ZE(¢C>¢)=<_¢$1 j’)}f)ﬁnggg ar,—9r 9, 9r— 9rR AR,
(Z) = (8 2) £ 0 0[(@,ax +@za,)[0) #0
Electroweak Chiral Lagrangian QCD Chiral Lagrangian
3 %WO 4 %77 Tt K+
b = iqu T —\}iﬂo—l—%n K"
V2 K- R /2y
SM fields and Goldstone meson and baryon
SM Fermion masses from Higgs VEV Baryon masses around 1 GeV from Trace anomaly

27
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CCWZ Chiral Lagrangian

Define the nonlinear Goldstone matrix
QII) = exp [—H(x)] — Q(II?)) = gQI)h~(IT; g)

2f
[T&’TB] X Tc
[Callan, Coleman, Wess, Zumino, 1969]
Symmetric Coset
CCWZ Coset .. N “_
—ZQ 6'“/9 — dﬂT - EZT — dﬂ + E'u Q N gﬂb—l, Q N [)997_11

0, — D, =0, + 1A,

d, — bhd,b, E,— bHE,h1—ihd,p7? -
M M M M H AN _ AZTQ-I-AZTG

_ (R)
U=0?— gUgg DU(R8U+zAU iUAS
AP = aore — AtTE

Building block / d,.(11), E..(I) v, =8, +iE, w, = iQD,U)'Q D,

Building block

f,w/ — QTF,UVQ fﬂ aTa + f+aTa f,ﬁ — %(fpl/:l: f;sf)) - QtFuuQ + Flgf)

Q(II) = [“(;I) uf?n)] u— /o Ugh = gpub™ = b ugy

—>gLU

QCD Chiral Lag EW Chiral Lag
’U,p—)h’u,”b 'u_>gLngl
Up

:1 8 —iry)u —u (0, —il,)

Ya = ulxul £ uxtu, T=UTRU" —  wTo, W, — Wl
+ _ L t T £R
=uf,,u tu u, > ;
f 224 Y = [J'))R.U']L — gLYgTL B,uu — gRBMVgJ]r% '
28
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Adler Zero Condition for Goldstone

Chiral symmetry Adler Zero condition
At |
a— B MU o = B4 mgm T(a+ 6(p), B) = — =R 220 [
Goldberger-Trieman, Callan-Trieman, Adler-Weisberger, etc
ps — 0 (0) (sub) Adler, 1965
Amplitude (soft limit of external leg s) A(l,...,N,s) ’ (SP(5) + 55(s)) A(L, ..., N) [ :
O(p?) for Goldstone Boson
{-1/2,-1/2,1,0,0} 1(1/1/4 1{1[1]2 1[1[1]2 1/1]1]2
21212151. [212]5!5]. [212]14]4 2192141(5]. [ Sun, Xiao, Yu,2210.14939 ]
415 414 219 4195 [ Sun, Xiao, Yu, 2206.07722 ]

Expand the soft-limit amplitude into the SSYT basis [ Low, Shu, Xiao, Zheng, 2022]

Put constraints on the SSYT basis

d N
B (p= = 0) D KaBy
[=1

1/1[1 4 1112
2[2]2][5], 2(2[4]5
4[5 415
custodial/chiral symmetry breaking: spurion
29
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Higher Order Chiral Lagrangian

XEFT:%2+%3—I—,%4—I—,%5—I—,%6—|—...

ChPT and Chiral EFT

LO Lagrangian [ Weinberg, 1979 ] LO Lagrangian [ Weinberg, 1979 ]
i [ Gasser, Leutwyler, 1984, 1985 ]
[ Fearing, Scherer 1994 ]

EW Chiral Lagrangian = HEFT

[ Bijnens, Colangelo, Ecker, 1999 1] NLO bosonic [ Appelquist, Bernard, 1980 ]

[ Jiang, Ge,Wang, 2014 ] [ Longhitano, 1980, 1981 ]

[ Bijnens, Hermansson,Wang, 2018 ]
[ Feruglio, 1993 ]

[ Chuan-Qiang Song, Hao Sun, J.H.Yu, 2404.15047 ]
NLO 2-fermion [ Buchalla, Cata, Krause, 2014 ]

[ Ecker, 1994 ]
[ Fettes, Meisner, Mojzis, Steininger, 2000 ]

[ Oller,Verbeni, Prades, 2006 1]
NLO 4-fermion

[ Frink, Meisner, 2006 ]

[ Buchalla, Cata, Krause, 2014 ]

[ Jiang, Chen, Liu, 2017 ] | [ Pich, Rosell, Santos, Sanz-Cillero, 2015, 2018 ]
. . O = (@ Tar,) @g, v Ut Ugr ) FSM ().
[ Xuan-He Li, Hao Sun, Feng-Jie Tang, J.H.Yu, 2404.14152 ] o -aommonvovmmeo .
nucleon-nucleon O Gy T PR, [ Sun, Xiao, Yu, 2206.07722 ]
[ Weinberg 1990 ] - 6term'missing
[ van Kolck, Ordonez, 1992 ] CEi it a8 O
] O = V™ (Tl )on (T ran) (ana Carct) Figs” (h).
[ Petschauer, Kaiser, 2013 ]
[ Petschauer, Haidenbauer, Kaiser, Meisner, Weise, 2020 ]
NNLO Basis [ Sun, Xiao, Yu, 2210.14939 ]
[ Hao Sun,Yi-Ning Wang, J.H.Yu, 2501.14018 ]
30
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Ab Initio nuclear structure

Effective Hamiltonians and consistent currents Accurate nuclear many-body methods

Nuclei and electroweak interactions

[ See Pengwei Zhao’s talk ]

31 Jiang-Hao Yu (ITP-CAS)



Nuclear force

-

. ]:::j

Y

Y

300 [

200

Ve () [MeV]

Ll LA v T L) Ll L L I Ll L. L I Ll L) L Ll

1So channel -

—_

|

| repulsive I
.. core |
I

I

©
£
Q

2N Force

LO
(Q/A,)° >< {
NLO >< AT

(Q/A\)z [’ """

3N Force

’
--------

\/ :
JU ﬂ ﬁ ’IF x 0 T\ ++1
-------------- - CD Bonn NNLO
ﬂ T, 1, pyw, 06,0 ﬁ ]_1_’_’_[ . b:’:(, >|,I\ > : > 100: ilv18 ((2/‘\\>{ +’+] kX X
N N —1-’-.— ‘"'\ > Ollllolsllll;‘l‘11f511llé111,25
Yukawa Pion One-Boson Two-Pion N-N from High precision Weinberg
Theory Exchange Exchange quark/chiral- potential nuclear chiral
1935 Model 1950 - 1980 bag model 1990 - EFT
1936 - 1960 1970 - 1980 1990 -
Proca, Kemmer,
Moller, Taketani, AV18,
Rosenfeld and Nakamura CD Bonn,
Schwinger, Sasaki, Bruckner, Nl_jm,
Pauli, ... Watson, ... Reid93

2
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Chiral nuclear force

L,=Ny i) N, +Ng i) N — gNg = N; — gN; &1 Ny

V(I‘) — {Cc + Cy01 02+ C7 (1 i

3

Chiral EFT

meayrT

300 L L4 Ll L4 Ll v L I
-

200 i

Ve (r) [MeV]
5

Ll LA L

—
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Weinberg’s nuclear force

Hard-core nucleon-nucleon interaction

f
Weinberg power counting D=2-A4+2L+ Ed: Va (d —at 5)

*--9 =2(1-242/2) =0 =(0-2+4/2) = 0
Vie = (55 ) "o caz T~ OW) It had
[ Weinberg 1933 - 2021 ] taken me a decade to realize that four divided by two is two. This sort

of interaction is just the kind of hard-core nucleon-nucleon interaction that
nuclear physicists had always known would be needed to understand nuclear
forces. But now we had a rationale for it. Weinberg 2021

2P| Diagrams

2PR Diagrams

/
/

N s ST Breakdown in perturbation theory = nuclear bound states
I I\ ; (
A 4 s S
—l N
Nuclear potential from Irre. 2Pl only 24 Jiang-Hao Yu (ITP-CAS)



Chiral effective field theory
[ Weinberg, 1950

Pionless EFT Kaplan, Savage, Wise 1998

l
N
s
N———

>
15
_|_

T S (31) ()-8
. / ddqd 1 1 12 | 12 | Pinch singularity
(2m)® @ — BT _je —g0 4 E_0 4 je (q+p)" +ie (g—p)° +ie
Pinch singularity Infrared enhancement! ><><>< . ><
Cs (%?)2 —Cop?

1. calculate nuclear potential from irreducible diagrams
O — 4Ama? as p—>0. gy~ —23.7fm 1/m7r ~ 1.4 fm

pinch diagrams subtracted
a. Natural scattering length

2. Truncated nuclear potential is iterated to all order A = —4%@ [1 — jap + (%aro — a2> p*+O(p’/AN°)|  Co~4dma/M
A , - Irrelevant
( ) = + - + 0+ b. Unnatural scattering length
= cee
_ _ Amr 1 ro/2 (r0/2)?
Solve Schrodinger equation A=—5; (1/a+ ip) [1 T (1/;+ ip)ﬁ + (1/a0+ ip)ﬂfl T ]

Co ~ 4m/MQ Relevant
35 Jiang-Hao Yu (ITP-CAS)



Power counting schemes

Complicated due to non-perturbative natures and renormalization problems

[ See Bingwei Long’s talk ]

VLo ~ O(1), VIO —~ O(p?)

Weinberg Weinberg

Weinberg Scheme

[i.e. scaling of Cz, according to NDA (~ O(1))]

A= | O +M+D>‘®<@ + . >®< Renormalization problem!

VIO~ oY), VIO L (1)
KSW Scheme e e (
[i.e. scaling of Can as Can ~ O(p-11)]

Pion are perturbative

(0) i :
LA >.< . ><§ ; - 2>O< Converge problem!
ACD ‘ '

~r

Modified VWeinberg [ Nogga, Timmermans, van Kolck, 2005 ]
[ Epelbaum, Gegelia, 2012 ]
[ S. Wu, B. W. Long, 2019 ]

2 0' . 0' . ~ ~ ~ ~
o) = fam - n VD 1 G, 4 G, AP (p, ') = VF(p,P') + (Cor, + GopJop’ Solve both but why?
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High precision nuclear force

1990 2N LO

$----4

1994 3N LO
S. Weinberg, PLB1990, NPB1990

I | Taad & BN 1997 2N NLO
NLO(Q?) | s ;
U. Van Kolck et al, PLB1992, PRL1994 3N F

N. Kaiser et al, NPA1997

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

_ ’ 2000 2N N°LO
/ \. :v' ’--‘--0#---_
NZLO(Q) et w
s U, Van Kolck et al, PRC1994 ANF 2003 2N N°LO

E. Epelbaum et al, NPA1998,2000

2 . - --t1--
¢ 9 ° m 3 { 2007 3N N°LO
N3LO(Q*) il F ‘ + ' - + +
R. Machleidt et al. PRC2003 ~ S.Ishikwas et al. PRC2007 S
E. Epelbaum et al. NPA2005 ? V. Bernard et al. PRC2007 e el
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ seookibdbeslibarids B 5 U O bedbebeedior beiands G5 L B SR GELEEEEE 2015 2N N“LO
4 5 W el Al ’.
N LO(Q) S 1ET P +... 5 + +..
R. Machleidt et al. PRC2015 H. Krebs et al, PRC2012,2013 N
E. Epelbaum et al. PRL2015 | NOT COMPLETE ' _
ffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff T e Bee s nE o e Weinberg scheme
5 6 ‘:.,' .:.:.I 7 ’l\ \52;21 E l\ . . o o "l\“ i "\‘ - .
N~LO(Q°) R, 4 AN ¢ ll 5 ®-® ’.\\ 1 + ¢ - | . 8 1 [ Entem, Machleidt, Nosyk, 2020 ]
---i adod sss E +lll

R. Machleidt et al. PRC2015 ; i
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Non-relativistic operators

Operator 0 =" [TTI N (V* En ) (V' Bn) )V N

l (Nto - VN)(N'o - VN)

Spin Relation —_

8] s7] = /—1elIK 5K

EOM and CDC

Schouten ldentity G = enw (ol () 0+ () () =0,

l
S

SU(2) YD —_— On-shell Amplitude

l

11

J3

12

ko

173

l3

o oo

(2]

[ Yong-Kang Li,Yi-Ning Wang, J.H.Yu, in preparation ]

\I/(x) — e—z’mv-m

| S N —

eimv-mpt;l-\:[,(m) 4+ eimv-xpv—qj(x)

=N, (z) =H, ()

Non-linearized Lorentz symmetry

vt =

i(V x E)* = Trlo'c? oc* |V EF = Tr[o'c*0I|VI E*

33

S0O(3,1)/S0(3)

L)l L(7) = &K

Missing Goldstone

|’U(),0,0'>
S |’U(), E7 0>1

—

|’U0, k>

4173 J313 ci2ka kata (i1j3> (j3i3> <i2k2> <k2i4>
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NN and 3N operators

3 nucleon sector

[ Weinberg 1990 ] [ Weinberg 1991 ]
[ van Kolck, Ordonez, 1992 ] [ Petschauer, Haidenbauer, Kaiser, Meisner, Weise, 2016 ]
NLO [ Girlanda, Pastore, Schiavilla,Viviani, 2010 ] [ Nasoni, Filandri, Girlanda, 2023 ]

[ Petschauer, Kaiser, 2013 ] [ Xiao, Geng, Ren, 2019 ]
e In order to obtain the most general contact Lagrangian

in flavor SU(3), we follow the same procedure as used for
oL 10T i the four-baryon contact terms in Ref. [47]. Generalizing
these construction rules straightforwardly to six-baryon

173066 - contact terms, we end up with a (largely) overcomplete
set of terms for the leading covariant Lagrangian:

—

o
.p.
l

Operator Number

[ Hao Sun,Yi-Ning Wang, J.H.Yu, 2501.14018 ]

100 —

15 -

[ Yong-Kang Li,Yi-Ning Wang, J.H.Yu, in preparation ]

1 1 1 1 I 1 L | 1 1 1 | 1 1 1 L 1 1 1 I 1 |
0 1 2 3 4 5 6

Chiral dimenssion Jiang-Hao Yu (ITP-CAS)



Nuclear many body effects for Ovbb

Long-range and short-range weak currents

LO

[T T -
LO
+ +
NLO NLO
| Cirigliano, Dekens, de Vries, Graesser, Mereghetti, 2019]

[ See Pengwei Zhao’s talk ]
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Ab Initio nuclear structure

Effective Hamiltonians and consistent currents Accurate nuclear many-body methods

Nuclei and electroweak interactions

[ See Pengwei Zhao’s talk ]
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Complete EFT Framework for Ovbb

Operator bases for different EFTs are necessarily needed to provide most general description

Energy

~ 100 GeV

~ 1 MeV

I T I

dim — 3

mgg: Vv — V"

EFT

AA,AP,PP,MM | rAA,AP,PP AP, PP
Mp, M Mp sa, M M

Many
body
Methods

| Cirigliano, Dekens, de Vries, Graesser, Mereghetti, 2018]

UV models new particles

l

Quark level operators

dim — 6 dim -7 dim — 9
d — uev d — uev) ® 0 dd — uuee

e [Leownon] Llugued |

Hadronic level operators

O 33 operators Ov 33 operators
(Long- and pion-range) (short-range)

I B I T T T R I

GT.T GT,sd L T, sd

Nuclear level operators

Setup a general framework

075,07 - 01)

How to find complete UV?
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UV Completion for nv mass and Ovbb

[ Hao-Lin Li,Yu-Han Ni, Ming-Lei Xiao, J.H.Yu, 2204.03660 ]
[ Xu-Xiang Li, Zhe Ren, J.H.Yu, 2307.10380 ]
[ Hao-Lin Li,Yu-Han Ni, Ming-Lei Xiao, J.H.Yu, in preparation ]}
[ Gang Li, J.H.Yu, Xiang Zhao, 2311.15422 ]

Jiang-Hao Yu (ITP-CAS)



SMEFT Inverse Problem

Given effective operators, how to find complete UV ?

energy

LHC probing scale

25 25 2 L3 2y
R i R O U GRS

Low energy experiments

LEFT

chPT, chEFT
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UV of Weinberg Operator

[ Yanagida 1979, Gell-Mann, Ramond, Slansky | 979, Mahapatra, Senjanovic, 1980 ]
[ Schecheter;Walle, 1980, Cheng, Li 1980, Magg and Wetterich 1980 ]
[ Foot, Lew, He, Joshi 1989 ]

[ See Xiao-Gang He’s talk ]

Bottom-up Approach

(H) (H)
energy energy a (H) by (H) ¢ (H) |
: E e Hy oo :
a b c : : ,
(H) (H) (H) (H) (H) (H) a % 3 ! : M3/ |
- .~ .;4A ..... TY.- < 2 > ” >\—L B < - > " T‘ > < i > \?T v —W Ao vr,
. & : - Yz ¥ S EYD

[ Demir, Karahan, Sargm, 2021 ]

NG SMEFT
L ® L

1 5 ,C

Consider Angular momentum conservation
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Why only 3 Tree-level Seesaw?

Angular momentum conservation for space-time Poincare symmetry [ Li, Ni, Xiao, Yu, 2204.03660 ]

Pauli-Lubanski Casimir W2<pL,hL;pH,hH‘P, J, Jz> — —PQJ(J—I— 1)<pL7hL§pH7hH‘P7 J, Jz>

L — ¢ 1 | O5=(HL)(HL)

Generalized partial wave analysis for Poincare/Gauge Casimir

W2B) = —sJ(J +1)B’

”’{21.3}8'” - 1-"'13(12> LH — LH channel L1, — HH channel ”’{21‘.2}8” — ()
H ‘ H - 1 L /,. H
2 - J=0
L L
L *H
Type-l and lll: SU(2) single and triplet Type-lI: SU(2) triplet, or singlet (excluded by repeated field)
j-basis Model | : 1j—basis Model
OS,{Q_;%L = 0% +0" | type | OEJ}ILLL = 04 N/A

ng_ﬁm = 0% 30" | type lll

(0,3) _ ™S
O° = (HL)(HL), O = (HH)(LL) OHH—>LL =0 type Il
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59 UV tree-level models, 19 topologies, one genuine dim-7 seesaw

Topology j-basis Quantum numbers {J, R, Y}
I I (9{12|34|5(5}’1 = 2(9’1) - 40!2), {0,3,—-1},{0,3,1},{0,3,0}

i J\ Of1234)56},2 = 205 + 408, {0,3,-1},{0,1,1}, {0, 3,0}

H L L Of12p34156},3 = 1204, {0,1,-1},{0,3,1},{0,3,0}
H - i Of1234)56} 4 = 407 + 408, {0,3,-1},{0,3,1},{0,1,0}
0{12|34|56}’5 = 2(9.’4) -+ 40{;. {0,1,—1},{0,1,1},{0,1,0}

L H Of13j2415631 = —OF — 20% + 307, {5.3,0}.{35,3,0},{0,3,0}

Of13)2456},2 = —OF + 305 +20% + 304,

{5,3.0},{5,1,0},{0,3,0}

H "L L O{ 13]24|56},3 — _Oi) + (9?2' B 20:’: - 30:14)’ {%, 1, 0}’ {%’ 3, 0}’ {(), 3’0}
H - it O13124/56),4 = —O] — 0% + 30} +60%, {3,3,0},{5,3,0},{0,1,0}
Of13)24156},5 = OF + OF + Of 4+ 20%. {3,1,0},{3,1,0},{0,1,0}
.t Oq16)23145y.1 = 207 — 205 — 204 + 60} + 60, | {3,3,-1},{3,3,0},{0,3,1}
J\/'\ Of16)23145),2 = —207 — OF — OF 4 30} + 308, {5,3.-1}.{5,1,0},{0,3,1}
H - 1 L O{16)23145}.3 = 305 + 304 + 30 + 30, 1,1,-1},{3,3,0},{0,3,1}
[P Of16)23)45).4 = O — OF — 30% + 308, {1,3,-1},{2,3,0},{0,1,1}
Of16)23)45),5 = Oh — O + Of — OF. {3.1,-1},{5,1,0},{0,1,1}
it I Oq12)125343,1 = OF +405, {0, 3,—1},{(),4,—%},{(),3,1}
H v L Oy 12)125)34},2 = —807 + 405, {0,3,-1},{0,2,-1},{0,3,1}
/\' ---- < Oq12)125)34},3 = — 1204, {0,1,-1},{0,2,-5},{0,3,1}
H L Of12)125)34),4 = —20% — 404, {0,3,-1},{0,2,-1},{0,1,1}
Oy 12)125)34),5 = —207% — 40L. {0,1,-1},{0,2,-3},{0,1,1}
gt Of12)126)34},1 = 30%, {0,3,-1},{0,4,-3},{0,3,1}
H . " L Of12)126)34},2 = 1204, {0,3,-1},{0,2, —%}, {0,3,1}
,'\' ---- < Oq12)126/34},3 = —120%, {0,1,-1},{0,2,-3},{0,3,1}
H L Of12)126)31),4 = —20% — 408, {0,3,-1},{0,2,-2},{0,1,1}
0{12|12(s|34},5 = —20.’4) - 40‘1:- {0, 1, —1}’ {0,2, —%}’ {0, 1, 1}
i i Oq121124136),1 = —OF — 405, {0,3,-1},{0,4,-5},{0,3,0}
H v L Of12124)36) 2 = 20} + 60} + 208, {0,3,-1},{0,2,—-1},{0,3,0}
,'\' ----- < 0{12|l24|3(i},3 = —60.’4) - 601: {0, 1, —1}’ {0,2, —%}’ {0, 3, 0}
HT L Of12)12436},4 = —207 + 205 + 20%, {0,3,-1},{0,2,-1},{0,1,0}
Oq12)124i36},5 = —204 + 20, {0,1,-1},{0,2, -3}, {0,1,0}
H H 0{13|135|2-4}.1 = Oi) - 20;’; - 60,{:’ {%,3,0}, {%,4, %}’ {%, 3, 0}
L Vol H | Og1313524y.2 = —OF — 308 — 405 +90% + 602, | {1,3,0},{%,2,1},{3,3,0}
P Of13)135/24).3 = OF — O +20% + 30%, 11,01, {32, 1}, {1,3,0}
H L O(13)135)24y.4 = OF — 304 — 205 — 304, {3.3,0},{5,2,3},{5,1,0}
Oq13)135/24},5 = OF + Of + Of +20%. {%, 1,0}, {%, 2, %}, {%, 1,0}
H H O{l(i|l4(i|23},l = _2011)+40:l;_120g, {%’3’_1}3{%a43_%}a{%s3a0}
L \ H" 0 16j146/23).2 = 20} — 305 — OF +90% + 30%, | {1,3,—-1},{%,2,-1},{%,3,0}
J 0{16|14(s|23},:; =30§’+3(’)§+30,’;+30§, {%,1,—1},{%,2,—%},{%,3,()}
H L

0{1(5[14(”23}'4 - 20’1) -+ Otg -+ OI; - 3011) - 30’;,

{1,3,-1},{3,2, -1}, {3,1,0}

_ P p p P
0{l(i|14(i|23},5 = -0, + 05 — O} + O5,

{%313_1}’{%)23_%}3{%313()}

Complete Dim-7 Tree-level Seesaw

[ Li, Ni, Xiao, Yu, 2204.03660 ]

0{13|123|45},1 = Oi) - 40.’2) - 40112’

{%*3~0}* {0, 41 -%}n {0. 3, ].}

Ht L
H y H | Ouspassy =207 + 05 + 05 — 907 — 908, | {35,3.0}.{0,2,—3}.{0,3,1}
ST Oq13)123)45},3 = 207 + OF + Of + 30} + 305, 2,1,0},{0,2,—3},{0,3,1}
H L 0{13|123|45},4 =O§—O§’+30§’—30§’, {%3330}3{0121_%}1{0?111}
Of13)123)45) 5 = -0 + 0¥ +0F - 0%, {%, 1,0}, {0, 2, —%}, {0,1,1}
g Oqspizsiasy.1 = O — 40§ — 403, {£,3,0},{0,4,-1},{0,3,0}
H - y H O13)123)46}.2 = OF + 205 — OF — 90%, {5.3,0},{0,2,—3},{0,3,0}
P Oq3123)46}.3 = —OF — 205 + O — 30%, {5,1,0},{0,2,—3},{0,3,0}
HY L Of13)1231463.4 = —OF — OF + 60] + 30, {3.3,0},{0.4,—3},{0,1,0}
Of13)123)46}.5 = —OF — Of — 207 — OF. {5,1,0},{0,2,—3},{0,1,0}
H L O{lb‘|126|34},1 = 6Oll)’ {%,3,—1},{0,4,—%},{0,3,1}
H . “ Y Hi 0{16|126|34},2 = —305 +9031), {%,3, —1}, {0,4, _%}’ {0,3, 1}
,'\"- Oq16)126]343,3 = —30%5 — 304, {5,3,-1},{0,4,-3},{0,3,1}
H L O(16)126)34).4 = —O5 — 20} + 307 + 60%, {5,3,-1},{0.4,-2},{0,3,1}
Oq16126134},5 = OF + 205 + OF + 208. {5.3,-1},{0,4,-2},{0,3,1}
L H 0{23|235|46},1 — Oi) B 20:’; + 60’)’ {%* 3, 0}’ {%* 4, %}* {Ov 3, 0}
H . ! y H Oq23)235)46},2 = OF — 605 — 505 — 305, {3.3.0}.{5.2,5}.{0,3,0}
o O(23)235)46}.3 = OF + 205 — O — 30%, {1,1,0},{3,2,1}.{0,3,0}
HY L O{23)235/46}.4 = —OF — Of — 60 — 30, {3,3,0},{3.2,3},{0,1,0}
Oq23235)146},5 = —OF — 0% + 20} + OF. {5,1,0},{5,2,5}.{0,1,0}
L Ht 0{13|136|45},1 = Of + 205 + 20:’;) _ 6OZ - 60’5,’ {% 3, O}, {% 4, —%}’ {0,3, 1}
H . L H | Og1313615),2 = 207 — 505 — 508 — 304 — 308, | {3,3,0},{3,2,—3}.{0,3,1}
,’\"\_\ 0{13|136|45},3 = 2011) + O.;‘z) + O:;; + 30:’1) + 3Opv {% L, 0}, {%, 2, _%}’ {0133 1}
H L Oq13136]45}),4 = 05 — 0% + 307 — 30%, {3,3,0},{5,2,—5},{0,1,1}
Oqi3nsejasy s = —05 + 05 + OF — OF. {3,1,0},{3,2,—3}.{0,1,1}
I H Of16)156/343,1 = 207 — 405 + 1207, {3.3,-1},{3.4.—3}.{0,3,1}
H N ! / HY 0{16|156|34},2 :4O§)+O§—3OZ’ {%v3!_1}1{%1 ,—%},{0,3,1}
,"- 0{16|156|34},3 — —305 - 30512 {% L, —1}, {%12, —%}, {(), 3, 1}
H L Of16)156)343.4 = —O5 — 20% + 30% + 60E, {3,3.-1},{5.2,—3},{0,1,1}
Ot16)156)34}.5 = O +20% + OF + 20%. {3,1,-1},{3.2,—-3},{0,1,1}
I I Oyaafizais6).1 = —OF + 205 + 605, {0.3,1},{3.4,5}.{0,3,0}
H . \_l. . H O(34)134)56),2 = 407 — 805 + 1207, {0,3,1},{3.2,3}.{0,3,0}
ST Oy3413456},3 = 205 + 40%, {0,1,1},{3,2,3},{0,3,0}
HY H O(3a13456},4 = —407 — 408, {0,3,1},{3,2,5},{0,1,0}
Oy34134156},5 = 20) +40%. {0,1,1},{3,2,5},{0,1,0}
H L Oqi61263,1 = 6075, {% 3,—1},{0,4, —z‘}
o __|‘,,</ 7 | Quenzezs = ( Oz ~ O ~ 301 305 ) {3.3,-1},{0,2, -3}
, —208 — OF + 60} +30¢ 2 2
! ! P p p P
H  H O{16/126},4,5 = (_02 205 =01 - 205)- {3.1,-1},{0,2,-3}

—200 — OF — 208 — OF

34/59

| Bonnet, Hernandez,

Ota, Winter, 2009]

Jiang-Hao Yu (ITP-CAS)



energy

Top-Down from Bottom-up

Operators

S & F,

Ov5p3

other

On

QaroLH1
QaroLH2
OQuLLH

NN NN XN XS NUXSN N %% %X %%\

P R RN R N AN N N NE LN N N RS

AN N N N N N N S N N N R A s

M ™ X ™ XX XXX KIXIN N XX XXX KX

NSNS IE XXX SNSKNKS

T, K

T, K, Dip
Dip

S 099

H
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[ Xu-Xiang Li, Zhe Ren, J.H.Yu, 2307.10380 ]

H Field (C,W,Y)
’ H
. S 1,4, 3/2 ,
P s /2) '
Ei (17 37 1) II ) H
.
H_ Sg <.
. - - 5
Fg
L
¢y
One-loop CDE
Operators Seesaw models V..l
P Type-I Type-II Type-IIl | *»= — 0
O X v v (=Ngyx N .
v | % v EMJ T [ Du, Li, Yu, 2201.04646 ]
Oun X v X Yes
Quuwi X v X Yes
[5:;, T “(%)J Yor [ Zhang, Zhou,2107.12133 ]
o v J6)  v(3) No .
o X 7 X Yes [ Li, Zhang, Zhou, 2201.05082 1]
0‘,’;‘; X v v Yes
oy X v X Yes
Oﬁ';‘z X v v Yes
Ou X v v Yes
% X v X No
o X v v (4Ns) No
0,(?;) X v X Yes
o X v v (4Ns) Yes
Occ X \/ X NO
Ouu X v X No
Oaa X v X No
Ocu X / X NO
Ocd X v X No
o) X v X No
O X v X Yes
O X v X Yes
O X v X Yes
Oy X v X No
O X v X Yes
05;?4) X v X Yes
oLy X v X Yes
o X v X Yes
Oledq X v X Ye:
O X v X Yes
o(f,f,ju X v X Yes

Jiang-Hao Yu (ITP-CAS)



Complete Dim-7 UV Resonances

Scalar

H3HTL?[(S6), (F5),(F1), (54, S6),
S1(1,1,0) (S4, F5),(S4, F1), (F3, F5),(F1, F3),(S6, F3)]
52 (1.1,1) ecHL3([(S4), (F4), (F1)] dcHL?*Q[(S4), (F10), (F9)]
o HL*Q'l[(S4), (F8), (F12)] DecHYLI[(F1),(F3),(V3)]
ecHL?[(S6), (S2), (F5), (F1)] dcHL*Q|[(S6), (S2), (F5), (F1)]
S4 (1, 2, %) HL2QMul.[(S6), (S2), (F5),(F1)] H3HTL2[(S6), (F5), (F1),(S5,56),(S1,56),
(86, F5),(S6,F1), (S5, F5), (S5, F1),(S1, F5),(S1, F1)]
S5 (1.3.0) H3HTL?[(S6), (F1, F5), (56, S7), (54, S6), (S7, F5),
T (S4,F5), (84, F1),(F5,F7),(F3, F5), (F1, F3),(S6, F7), (56, F3)]
D2H?L? ecHL?((S4),(F4),(F5)] dcHL*Q|[(S4), (F10),(F14)]
HLQQTUC[(S4), (F13),(F12)]
DecH‘f“L’f[ F5),(F3),(V3)] H?*L*WL[(FT)]
S6 (1.3.1) H3HTL?[(S4), (S8), ( 7),(S5), (S1), (F5, F6), (F1, F6),
T (S5, 57), (54, 55),(51,54) (S7,F5), (54, F5), (5S4, F1), (F5, F7), (F3, F5),
(F1,F3), (S8, F6), (F6,FT),(F3, F6), (S5, F7), (S5, F3), (51, F3)]
ecHL?
HL?Q'ul. dcHL2Q DelH3L
S7 (1, 4, %) H3H'L2[(S6), (F5), (S5, S6), (S6, F5), (S5, F5)]
ss (1.4, g) H3H1L2[(S6), (F6), (S6, F6)]
510 (3 - ) dc?H Luc[(S12), (F10), (F1)]  dc HL?*Q[(S12), (F10), (F1)]
T deel.HLuL[(S12), (F10),(F1)] dcHLQY[(S12),(F10), (F1)]
S11 (3,1,%) dc® HYL[(S12), (F11), (F2)]  dc?H Luc[(F11), (S13), (F1)]  dc?elHQ'[(S13), (F3), (F8)]
512( 0 1) dc®HTL[(S11), (F11)] dc?H Luc[(F11), (S10), (F10)]
S 6 de HL*Q[(S10), (S14), (F5), (F1), (F14), (F9)] dcelHLul.[(S10), (F3), (F12)]
S13 (3,2, g) de?H Lug[(S11), (F10)]  dc2elHQT[(S11), (F10)]
S14 (3 3 —%) de HL*Q[(S12), (F10), (F5)] de HLQ2[(S12), (F10), (F5)]

49

[ Li, Ni, Xiao, Yu, 2204.03660 ]

Fermion
(SU(3)., SU(2)2, U(1),)
D?H?L? ecHL?[(S4),(S2)] dcHL?*QI[(S4),(S10),(S12)]
HL*Qul[(S4),(V5),(V8)] DecHYLY(F3), (V2)]
dc?H Luc[(S11), (S10)]  deelHLuL[(S10), (V5)]  dcHLQ?[(S10), (V8)]
F1(1,1,0) H>L*W[(F5)]
o H3HTL?[(S4), (S5, F5), (51), (S6, F6), (F3, F5), (F3),(F3, F6),
(54, 56), (56, F3), (54, 55), (S1,54), (S5, F3), (S1, F3)]
ecHL?
HL*QM!. dcHL?*Q DelH3L
F2(1,1,1) dc3HTL[(S11)]
DecHPLY[(F5), (F1),(S6),(V2)] dcelHLul[(512), (V8)]
F3 (1,2, %) el HQ[(VR), (S11)] H3HTL2[(F5) (F1,F5),(F1),(F5, F6), (F1, F6), (56, F5),
(S6, F1), (S5, F5), (S5, F1), (S1, F5), (S1, F1), (56, F6), (55,56), (S1,56)]
F4 (1,2, g) ecHL?[(S6), (S2)]
ecHL3[(S4),(S6)] dcHL?*Q[(S4),(S12),(S14)] HLQQTu ((S4), (V9), (V8)]
D?H?L? DecH™LT[(S6),(F3),(V5)] dCHLQTQ[(SM) (V8)]
H2L?W[(FT7),(F1)] H*H'L?[(54), (S7),(S5,F1),(S1),(S6, F6), (F7), (F3),(F1,F3),
F5 (1,3,0) (F6,F7),(F3,F6),(S6,57), (54, S6), (56, F7),(S6,F3),(S5,S7),
(":HL:),
HL?QM). dcHIL?*Q DelH3L
F6 (1,3,1) H3HTL?[(S8),(S6,F5),(S6,F1),(F5,F7),(F3,F5),(F1,F3),(56,58), (56, F7), (56, F3)]
F7 (1,4 %) H2L*W.[(F5),(S6)] H3HTL2[(F5),(S6, F5), (F5, F6), (S6, F6), (S5, F5), (S5, S6)]
F8 (3,1,—;-,) HIL2QMul[(S2),(V8)] dcHLQM™[(V8),(512),(V5)] dc2eLHQT[(V5),(S11)]
F9 (3,1,3) deHL2Q|[(S12), (S2)]
F10 (3.2, 5 dc?H Luc[(S12), (S10), (S13)]  de HL?*Q[(S10),(S6), (S2), (S14)]
< ’ _6) dCeTCHLuTC[(Slo V3 ), (V8)] chLQTQ[(SIO) (S14), (V9), (V5)]
F11 (3, 2, %) de3HTL[(S11), (S12)]  de?H Luc[(S11), (S12)]
F12 (3,2,%) HL2Qul[(S6), (52), (V9),(V5)] deelHLuL[(V5),(S12), (V3)]
F13 (3,3,-%) HL*Q1ul[(S6), (V8)] dcHLQ™[(V8),(S12), (V)]
Fl4 3,3,?,;) deHL2Q[(S12), (56)]

Jiang-Hao Yu (ITP-CAS)



energy

Complete Dim-7 UV for Ovbb

e e
VZaNZ ViaNZ

> € > e

n > p n > P

> P

S
iﬁ(
Y \
Y
=
S

<
2

y

o )

SIS

= =
L >
PN
1=

m

[ Xu-Xiang Li, Zhe Ren, J.H.Yu, 2307.10380 ]

50

B preserving B preserving B violating
(8,1,1,1)  (5,1,2,1/2) | (5,3,2,1/6)  (F,3,2,7/6) | (S,3,1,-1/3) (S,3,2,1/6)
(5,3,2,1/6) (S,3,3,—1/3) | (S5,3,2,1/6) (F,3,3,2/3) | (S,3,1,—1/3) (F,3,2,—5/6)
(S,1,1,1) (F,3,1,—-1/3) | (S,3,3,—1/3) (F,3,2,-5/6) | (V,3,2,1/6) (F,1,2,1/2)
(S,1,1,1)  (F,3,1,2/3) V,1,1,1)  (F,1,2,1/2) | (V,3,2,1/6) (F,3,1,—1/3)
(S,1,1,1) (F,3,2,-5/6) | (V,1,2,3/2) (F,3,2,-5/6) | (V,3,2,1/6) (F,3,2,—5/6)
(S,1,1,1)  (£,3,2,7/6) | (V,1,2,3/2) (F,3,2,7/6) | (V,3,2,1/6) (F,3,3,—1/3)
(S,1,2,1/2)  (F,1,3,0) (V,3,1,2/3) (F,3,2,7/6) | (V,3,1,2/3)  (V,3,2,1/6)
(S,3,2,1/6) (F,1,2,1/2) | (V,3,3,3/2) (F,3,2,7/6) | (V,3,2,1/6) (V,3,3,2/3)
(S,3,2,1/6) (F,3,1,2/3) V,1,1,1)  (V,1,2,3/2)
18 B preserving UV + 8 B violating UV
(0OvBp w/ no tree v-mass)
u u u
d d d

Jiang-Hao Yu (ITP-CAS)



Complete Dim-7 UV for Ovbb

[ Xu-Xiang Li, Zhe Ren, J.H.Yu, 2307.10380 ]

energy
" . » " R . B preserving B preserving B violating
- L (5.L11)  (51,21/2) | (5.3,2,1/6) (£3,2,7/6) | (5.3,1,-1/3) (5,3,2,1/6)
—e > e (5,3,2,1/6) (S,3,3,—-1/3) | (S,3,2,1/6) (F,3,3,2/3) | (S,3,1,-1/3) (F,3,2,—-5/6)
Vi, Ni Vi, Ni (5,1,1,1) (F,3,1,-1/3) | (§,3,3,-1/3) (F,3,2,-5/6) | (V,3,2,1/6) (F,1,2,1/2)
W, — C W, g € (5,1,1,1) (F,3,1,2/3) (V,1,1,1) (F,1,2,1/2) (v,3,2,1/6) (F,3,1,—1/3)
R - A - A (S,1,1,1) (F,3,2,-5/6) | (V,1,2,3/2) (F,3,2,-5/6) | (V,3,2,1/6) (F,3,2,~5/6)
(5,1,1,1) (F,3,2,7/6) (V,1,2,3/2) (F,3,2,7/6) (v,3,2,1/6) (F,3,3,—1/3)
" g p " g p (5,1,2,1/2) (F,1,3,0) (V,3,1,2/3) (F,3,2,7/6) (V,3,1,2/3) (V,3,2,1/6)
Wk ‘ (5,3,2,1/6) (£,1,2,1/2) | (V,3,3,3/2)  (£,3,2,7/6) | (V,3,2,1/6)  (V,3,3,2/3)
Y Wim U Aym Ce (5,3,2,1/6) (F,3,1,2/3) (V,1,1,1) (V,1,2,3/2)
> e Wi (r) e
W r A ™
n > P n > P OLerD OcLLLH OQaLqLH1 Oarqru2 OdarueH OQuLLH
S2 S4/F1/F4 S4/F9/F10 S4/F8/F12
S4 52/56/F5 SG/FI/F5 SZ/SG/FI/FS SZ/SG/FI/FS
SG FS/FS S4/F4/F5 S4/F10/F14 S4/F10/F14 S4/F12/F13
Sl2 FI/FS/F14 FS/FQ/F14 F3/Fl2
Fl F3/V2 S2 S4/Sl2 S4 V2/V5 S4/V5
F3 SG/FI/FS/V2 Sl2/V2
---------------------------------------------------------------------------------------------------------------------- F4 52/56
F5 SG/FB S4/SG S4/Sl2 S4/Sl2 S4/‘/9
Fy Sy
F9 52/512
e e e € Fio Se Sa/Se Vs
Fl2 512/V3/V5 S2/SG/V5/V9
u u Fig Se
Fi, Se/S12 Se/S12
Vo | Fi/F3/Vy Fy/F3/Vy
q 7 Fo/Fro/V;
V5 Fl/Fl2 Fl/F12
Vo F5/Fyy
\ J 4
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Complete Dim-9 UV for Ovbb

[ Li, Ni, Xiao, Yu, in preparation ]

energy
d,?2 u, 4
~ (ri, J;) (1,1,0) (0,0,0)
s v AT s (85,85,13) | 10, + 20, ~20, [ Li, Yu, Zhao, 2311.15422 ]
| 7111 \\\< (827 827 11) _202 %01 -+ %02
(12,12,13) | —40; — 60, 20,
d,1 e,6 (12,12,11) 605 —40, — 209

e,6 u, 4
(rzajz) (17171) (17170)
. I _—_— . (33, 82,32) —3(91 %(91 + %(92
| I | | (31782732) _§01 0
(33,12, 32) —3(91 %Ol + 202
d, 1 u,3 (31,12,32) —501 0

O = N1 L) (Qpoy Q) (s 1)

02 — _%(LTUJLT’Uz)(Qpaiucsb)(QTbjucta)'

o2 Jiang-Hao Yu (ITP-CAS)
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Summary

Operator bases for different EFTs are necessarily needed to provide most general description

Energy

~ 100 GeV

~ 1 MeV

-

L

(S8

>

v

E dim — 3 dim — 6 dim — 9

IiIJ mgg: Vv — v d — uev dd — uuee
N

g E Ov 33 operators Ov 33 operators
6 W) (Long- and pion-range) (short-range)

I T I T I I B B T

AA,AP,PP.MM AA AP.PP AP.PP
Mp, MGT,T MF,sd’ MGT,sd ) MT.sd

Many
body
Methods

075,07 - 01)

54

UV models new particles
Repeat for each model

Quark level operators
Operator correlation
l How to do matching
Hadronic level operators
External source not enough

l

Nuclear level operators
Nucleon matrix element incomplete

Jiang-Hao Yu (ITP-CAS)



Summary

Operator bases for different EFTs are necessarily needed to provide most general description

Energy

~ 100 GeV

~ 1 MeV

I T

dim — 3

mgg: Vv — V"

EFT

Mg, MAAAPPP.MM Mg oq, MAAAP.PP 3 APPP

Many
body
Methods

UV models new particles

l

Quark level operators

dim — 6

d — uev
-

dim — 9
dd — uuee

_______________________ l

Hadronic level operators

O 33 operators Ov 33 operators
(Long- and pion-range) (short-range)

I T I I B B T

GT.T GT.sd ’ T.sd

Nuclear level operators

Setup a general framework

Need complete operators at each level
o0 Jiang-Hao Yu (ITP-CAS)
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Summary

Neutrino experiments (Ovbb, etc): low energy probe of high energy new physics

For physics involving in several energy scales, natural theoretical framework is EFT

energy
UV models
LN SCALC
Standard model EFT
W SCALe
Low energy EFT
_____ AQCD
Chiral Lagrangian
MeV scale

Chiral nuclear EFT

EFT operators provide most general parametrization on new physics relevant to neutrino pheno

( Light sterile neutrino EFT not discussed in this talk )

The complete UV resonances can be explored using the Casimir projection
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Thanks for your attention!
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Matching: external source vs spurion
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Find same lepton structure, and same T spurion, and matching
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Electroweak processes at nuclear scale

Many body nuclear effects in nuclear physics and particle physics community
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