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Outline

- EFT description for neutrino physics

- Chiral Lagrangian matched from quark operators

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

[ Xuan-He Li, Hao Sun, Feng-Jie Tang, J.H.Yu, 2404.14152 ] o
[ Hao Sun,Yi-Ning Wang, J.H.Yu, in preparation ]

[ Gang Li, Chuan-Qiang Song, J.H.Yu, in preparation ]

- Nuclear weak current from chiral EFT

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

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

Hao Sun

[ Yong-Kang Li,Yi-Ning Wang, J.H.Yu, in préparation ]
[ Chuan-Qiang Song, Hao Sun, J.H.Yu, In preparation ]
- Summary
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EFT description for Neutrino Physics
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Paradigm Shift 2013 - 2023

2013 2023
The Particle Physics Project Prioritization Panel (P5) Report The Particle Physics Project Prioritization Panel (P5) Report

T

Origin of Mass

Origin of Universe

Unification of Forces

New Physics
Beyond the Standard Model

Decipher Explore llluminate
the New the
Quantum Paradigms Hidden
Realm In Physics Universe
S ' ; Elucidate the Mysteries Search for Direct Evidence Determine the Nature

of Neutrinos of New Particles of Dark Matter

Reveal the Secrets of Pursue Quantum Imprints  Understand What Drives

the Higgs Boson of New Phenomena Cosmic Evolution
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Roadmap of neutrino physics

2023 P5 Report

Neutrino oscillation

Normal or Inverted hierarchy
CPV phase
Octant

Nature of neutrino Beyond standard neutrino

Absolute neutrino masses Non-unitarity
Dirac or Majorana nature Light sterile neutrino
Lepton number violation Non-standard neutrino interactions
Majorana CPV phase Portal to dark sector
o
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2023 P5 Report

Majorana CPV phase

Neutrinoless double beta decay

Roadmap of neutrino physics

Neutrino oscillation

Normal or Inverted hierarchy
CPV phase
Octant

Nature of neutrino

Absolute neutrino masses
Dirac or Majorana nature
Lepton number violation

Precision neutrino measurements

0.8
0.2

4

1

0.45
0.15

10

2

0.04

O— DN O

30.--

‘98 2000 2005 2010 2015 2020

Beyond standard neutrino

Non-unitarity
Light sterile neutrino
Non-standard neutrino interactions

Portal to dark sector

Probe at different scales
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Neutrino at different scales

All of these involve in neutrino interactions at different scales
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Neutrino at hadronic and nuclear scales

Neutrino at quark level is well understood, but complicated at hadronic and nuclear levels

Vg
* Quark level A d

Aqcp EFTs at quark level: SMEFT, LEFT

£ Quasi-elastic Resonance
f W PN e
/:w_<
* Nucleon level b .
MeV ' /.\

el

EFTs at low energy scales?
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116 - P
‘@,Y @ y "'1,7@ v M
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> g g
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Tower of Effective Field Theories

To avoid large log among scales, it is natural to consider matching and running procedures among EFTs

New physics scenarios, SUSY, ...

NP Scale
Standard model effective field theory
EW SCale - oo
Electroweak chiral Lagrangian with Higgs
myy RGE running effects not so smalli

Low energy effective field theory :
Aoon EFT framework!
MeV scale ... Strong coupling region

Chiral nuclear force and nuclear matrix

10 Jiang-Hao Yu (ITP-CAS)

chiral expansion is perturbative!



Neutrinoless double beta decay (Ovbb)

Energy

SM-EFT

~ 100 GeV

dim — 3 dim — 6 dim -7 dim — 9
mgg: Vv — V" d — uev d — uev) @ 0 dd — uuee

—
s o7 Y
¥
O
Orv 33 operators Ov 33 operators
(Long- and pion-range) (short-range)

SM-EFT’

AAAP,PP MM . AA,AP,PP AP,PP
Mgp, M B Mg g, M . M

GT,T GT, sd T, sd

TO” (()'*‘ — ()'*‘) [ Cirigliano, Dekens, de Vries, Graesser, Mereghetti, 2017]
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Chiral Lagrangian for Nv at Hadronic scale

[ 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, in preparation ]
[ Gang Li, Chuan-Qiang Song, J.H.Yu, in preparation ]
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QCD at quark and hadronic scales

Perturbative QCD vs non-perturbative QCD

Symmetry actorization

0.35

T decay (N°LO
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T . . .
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Chiral Lagrangian

Effective Lagrangian for Pion and nucleon with power counting rules

ZEFT:%2+%3+%4+%5+%6+

f? ; Power counting: Derivative expansion
T(D,LU D'U)
N ("D, — M + %4757”%)N

How to implement electroweak physics at hadronic scales?

External source method

L = Laop + @ [vu + v5au]a — 4[s — ivspla.

vt s eyte, ot seyyte, s—ee, p—eye

WSy (P ew]) @ Dufran ) Db, o)
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Higher dim quark operators

Quark level EFT (LEFT) has been constructed up to dimension 9

(qg“q)(éwe) (qg“v”q)(égmue)

(a7*v°q) (7" q)(eowe)

[ Li, Ren, Xiao, J.H.Yu, Zheng,2012.09188 ]

(a7v"~v°q) (ec™?e)(e0u0,e)

Introduce new external sources, such as tensor, and higher sources?

External sources replaced by lepton currents

Need many SU(3) x SU(3) LECs

[ Liao, Ma,Wang, 1909.06272 ]

SUI(3)L x SU(3)r

(6,6) ® (6,3) ® (3,6) ® (3,3)

(6,6) ® (3,6) ® (6,3) @ (3,3)

(27,1) ® (10,1) ® (10,1) ®4 x (8,1) ® 2 x (1,1)

(1,27)® (1,10) ® (1,10) ®4 x (1,8) ®2 x (1,1)

(8,8)®(1,8)®(8,1) @ (1,1)

(15,3) ® (6,3) @ (3,3) @ (3,3)

(15,3) ® (6,3) @ (3,3) @ (3,3)

(3,15) @ (3,6) © (3,3) @ (3, 3)

(3,15) @ (3,6) @ (3,3) @ (3,3)

Notation Quark operator chiral irrep Hadronic operator
OSSP () | (aryMdy) [azyst) () js) 27, x I 5 o1 Fe(Zigu =1, (Tid L),
ﬁfﬁfﬁ“” (P) | (mmy*de)lmmyusel(j/js) | 1.x 2Tk 15—2g1x27F0 (T'i3,0), (Tiarz)]
G ) () [@sx) i/ ) 61 % 6 % B (511 (Z),
b (V) (izdg)izsr) (7/ Js) 61 6k %, (2*)2 (=),
ﬁf;,ﬁL’S/P (P) (ugdy) [ursc](j/ js) 6 x 6 —&° 4 ():)2 (Z),!
At () (id)iws.) (j/ js) 6. x 6r 5% (5 ()
O’ (V) (urdr)[ury"sc) jus 15, x 3g —8%5.3 T“(ZlauET) (Zh),}!
G (V) (AL dR) (ALY L) jus 15, % 3 —gb. 1 (zig, =) (zh),!
0. (/) (ursg)[ury*dr)jus 15, x 3 —ngX %61(218#27) (zh),!
GHRA (1) (ursr)[wLy*dL) jus 15, x 3 —g15 3'—;‘1(218 zH),L(EN,!
ORLRRA (p) (urdy) [URY"SR) Jus 3, x 15 _ggxlsﬁ;a(zfiauz)3l (),
oD (urdL][URY" sR)Jus 3, x 15¢ —g’;m%i(zfia#m; (2),!
ORLRRA (p) (ugsL)[ury*dR)jus 3. x 15¢ i) ggxls’%é(zfiayz)zl @),
GRLERA (p) (ugrsL)[@RY" dR) jus 3. x 15 _ggxls%g(zfiaﬂz)zl (),
ﬁf‘flﬁiﬂ V) |3 ( urdr)[ugy*sg] +d < 5| jus | 3Lx15g g%les%é '(ZT)ZI (£tig, D) + (), (Z1ig, X))}
GLERRA () | L (agdellimmyis) +d > s|jus | Bix15x | g8, 2 [(ENF(EhiauD)) + (£h; (213, D),!]
o ()|} (uLdR)[uR}"uSR] d < s) jus | 3L x6g g o (1), (ZTid,X),! — (ZT), (ZTig, X) 1]
udus 2 H 3x6 4 2 n=)3 3 n=)z
Gt (V) | 3| @rds][amyse) —d ¢ s]us | 31 x 6k g o [(zhi(ztioum)) — (Zh, (ZriduT),}
ORULLA (py | L[ (igdy)[appse) +d o s|jus | 1503 | g% 0 [0 (2i3,2h) + (D)4 (Riduzh),
GRULA (p) | M (rdilazys) +d o s|jus | 150x3x | g0 50 |(D)AEiduEN) + (D)3 (TiduE"),
oA py | L@y Emyts] —d o s|jus | 6ux3r | g0 o0 [(2)) (RiduE) — (D), (ZiduET),)
GRULA (p) | L(mrdp)liy*se) —d & s jus | 6x3r | &b 2 [(2)1(Ziauh)y — (D), (Zidu=h),
e ) (uzdr) ligsL)(j/ js) 8, x 8¢ ghs L (ENA (D),
G (V) (azd][arsL) (j/ js) 81 x 8 2. (21, (D),]
o P (wsw) [urdL) (j/ js) 8, x 8 B L (EN3(2),!
g () (rse][ugdy)(j/ Js) 8, x 8 g :ft ZH(E),!




LEFT with spurion

[ Chuan-Qiang Song, Hao Sun, J.H.Yu, in preparation ]
Reformulate the quark level LEFT in terms of SU(3)V symmetry

(3,,3.)®(3r,3r) > 1t +1~ +8" +8: (32,3r) ® (31,3r)| ® [(3L,3R) ® (3L, 3R)]

- - : . . : -+ (17 +1"4+8"+87)® (1" +1~ + 8" 48"
(@.Taz) ® (@xTar) = (aT9)1 + (@7°9)1 + (aT9)s + (a07°9)s ( )@ )
=2x1t+2x1" +4x8" +4x8 +2x(8x8)" +2x (8 x8)~

Introduce single spurion T as flavor octet

C’Jﬁ) = F,,iv" (@I v°v"q) + hc.,

0 5 46 47 .8 C+P+: C— Pt C+ P+t :
T" — span{t’,t",t',t"} 0P — B, FpETO 5 a) + he., e 0 = w0an,
T — span{t?,t*} O = Fuig" @T°) + h.c., Of) = Fudi" (@™ +a) + hc, e e
0¥ = F,,j+" (qT%) + h.c., 0¥ = F,,5%(q0"q), Os1 = (37°9)0*(qT%7°q) ,
T — span{tl, t3} . 0¥ = (8%%)(qq), 0P = FPi% (gT%,,q) + h.c., 053 = (§7"9)9” (q7u9) ,
O = i (@T°7,8,9) + h.c., O = Feifh @T0,p9) + hec. 5;) m W{)ﬂ:‘”
0P = jH¥(gT=v,8,9) + hoc., 0¥ = (6%9)(G1,49) , Z?; = E-’; :)Z)f; (*)I‘ Y’ Vuq)
Building blocks and SU(3)V, CP transformation C+ P 05 = ALETGy0) + b e
O3 = Fui @T°°*7"q) + hec., Of) = 34 (@T ™ dua) + hec., el Q)@TZ‘?"Q)
i Oéi’ = (giv° 9" )T B,4)
= (7
(
= (g

o 8) _ v p 0.5 p.Hu 0 — #8 Q)(Q’)’ auq)
{ qrL VQL Oﬁ? . ;w]f(l)‘# (@iv°q) + h.c., Os9 = FupFy (qT7y 1 6°q) +h.c., ((i;) a
(8) 2 . 0:.5 o® = ]O’W(QTO'Y Yu0vq) + h.c., 067 = QTI’)’Ma Q)(qu’Yuaz/Q)
9r Var s LS © _ o 594 570) AT 7,809)
. 5 — 8" 9) (T 7.009) »
T VTV 0% = (8%3)(@T"in°q) + h.c., 0?3) 7L @27 bua) + hc. . = !
5
05 = (3%19) (@) Ois’ = 31(@°9u0), :
€L — €L, , V € SU(S)V (8) = (9 )03 (qzv 9
e e Or3 = (qT°9)9°(3in°q) ,
R R 075 = (qT29)9*(qT1i7’°q),
\ VL = (70"q)(@T%"°8,9)
F;u/ F;w %) = (qT19"q)(qT i c’nq)

16 Jiang-Hao Yu (ITP-CAS)



Chiral Lagrangian with spurion

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

Spurion technique

External sources

X = 2B(s+1p), )N

|
S
-
S

—
S
=

—
S

=0, — 0l — il L], lu=v,—ay,

Uy, Vu, V1
u-parameterization | U-parameterization 5 \| vy vt
Bosonic building blocks 24 Ve Vi
: Q- vQ v
w, — hu,h™! Vi = 9rVu9gn ;
¥t N V e SU@3)y
f—i—pu o hf+uvh_1 ;IL;V o ¢ gLfﬁlL;ug[_Jl B VBVT ,
-1 R K=l €R ER
f—p,u i hf—p,uh f,w o g ng;ng er er
Y, = h3 h1 X — nggEI VL, ) VL
. e F,, F,, ) Lepton currents

Pure meson p8 chiral Lagrangian with external sources Easy to match: T and lepton currents

[ Song, Sun, J.H.Yu, 2404.15047 ]
Nucleon-meson p5 chiral Lagrangian with external sources

[ Li, Sun,Tang, J.H.Yu, 2404.14152 ]
17 Jiang-Hao Yu (ITP-CAS)



Systematic construction

Several techniques are utilized

On-shell construction

n

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

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

Adler zero for Pion

Amplitude (soft limit of external leg s) A(l,...,N,s) ——

[ Li, Ren, Xiao, Yu, Zheng, 2007.07899 ]
~ [ Li, Ren, Shu, Xiao, Yu, Zheng, 2005.00008 ]

P 0 {(SO)(s + S6) (5)) A(L, ..., N)

{-1/2,-1/2,1,0,0} 1{1]1/4 1{1]1/2 1112 1112
2121215 21215151, [2]2]4]4 2/2]4]5],
1|5 1|4 55 45

Expand the soft-limit amplitude into the SSYT basis

Put constraints on the SSYT basis

dy
Bs‘\)(p,, » 0) ZK,[B,('\)

11114 1/1/1/2
2121251, 22 5
415 415

O(p?) for Goldstone Boson

[ Sun, Xiao, Yu,2210.14939 ]
[ Sun, Xiao, Yu, 2206.07722 ]

Off-shell construction

zll’

l

D' ]I_W( )

o = ()P, )G’H(D’"‘F)

A IAIZXLIXI,?’ ’\21

PYRD VP VIS VRSRED VD P9 VIO o
PYSD VRS RS VERID TP PRY PRSP

18

Schouten Identity 2) (Jaskay) = — iz a; Y ke o) + (inka,) (Grle,)

<_I<_

l

Symmetrize indices

D[uu P1P | ‘,,“ 2 + D, Cap

58" ags

On-shell Amplitude

2,122,242 42,2,
PYSPYRD PRPERR

3,1A3,2A3,1 03,2,
PSP VED PR VIR

V12 [14][32] and {2

ll—-ZIJ gl

13][14](25]

X =

Spurion technique

TIT.I
323

Littlewood-Richarson rules

2j

T!

T2517 4+ T T + T(IT'I),
5.

1

Ik

4,1A4,2A0,1 002,
AsiAa A A

iew; € [i]g],

Tih ...

TH} € spin j

-+

3 +

[ Zhe,Ren, Yu, 2211.01420 ]

[ Sun, Xiao, Yu, 2206.07722 1]

Symmetric highest weight

P I.II\'TIT.IAI\'

2j

\ Gauge Singlet/

.S'(/" (2 ) ~

Jiang-Hao Yu (ITP-CAS)



Matching: external source vs spurion

L= L(C)QCD ay" [Vu ’75%]‘1 —q [3 ~ z’75p]q |

vt — eyte,  at — ey’yte,

(u*[Dpfayn f-2))

Find same lepton structure, and same T spurion, and matching

>
(q0"Tq)(eryuer)

>
@0"Tq)(ErYueR) ;

>

(@7’ 9" Tq)(eryuer), ) .
(= 5w _ A‘E_w[A]N”“N”EN”’ [QIN” [E]NF y |
@y’ 0" Tq)(eruer) - 1672 | Apw e |

(X [uy, D uy))(€yer), ([X-,u,]u’u,)(eLyer)
(By*ZyB)(ervuer), (BY'BXi)(eryuer), (By*B)(Zi)(Eryuer).

19

s — ee,

p — 6756

(Dpf+ [uy, 5-])

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

Reformulate using SU(3) x SU(3)

@ . (\}—gf) ,

(jL _)DﬂgTaqL %Dﬂg,QR_)DﬂgaqR_)ngTv

[ Gang Li, Chuan-Qiang Song, J.H.Yu, in preparation ]

Jiang-Hao Yu (ITP-CAS)



Chiral Nuclear Force for Nv at Nuclear scale

[ Hao Sun,Yi-Ning Wang, J.H.Yu, in préparation ]
[ Yong-Kang Li,Yi-Ning Wang, J.H.Yu, in preparation ]
[ Yong-Kang Li,Yi-Ning Wang, J.H.Yu, in preparation ]
[ Chuan-Qiang Song, Hao Sun, J.H.Yu, In preparation ]

Jiang-Hao Yu (ITP-CAS)



Electroweak processes at nuclear scale

Many body nuclear effects could be important

RES DIS

l"‘\
. E=680 MeV, 0=36", qy=402.5 MeV/c E=2130 MeV, 6=16", qos=593.9 MeV/c
_____ s 40000055 —————T——1———7—0.8
i i — e 40000 c-
,"' ,»- DIS 300001 " Jos - 10.75
o RES R 30000+ ~
) Ph ‘.0- ... " 20000 - ‘O 45 — m 07
L B K
Coherent ,"“ - . 20000+ 4
"' “ L - i — ‘065
K “ 10000 0.4 100001 |
¢ . i g
.0.. _- R N T~ o : —. —0'6
———————— % ~"01 02 03 04 09 %
T o (GeV) o (GeV)
weNq_ w
2m Energy transfer
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Electroweak processes at nuclear scale

Many body nuclear effects in nuclear physics and particle physics community

(a)

n<F

22

(d)

NN’ <F

nt prod. + rescatt.

e %f‘:‘?’:ﬁ h
N,N‘Zd: W N A

2N absorption (MEC)
QE-like!

Jiang-Hao Yu (ITP-CAS)



Electroweak processes at nuclear scale

Nuclear potential with external currents

AL LA LA LA AL AL LA LA AL AL AL AL ALl LA A Al Al Al Al Al Al Al ALl Al LAl Ll Al Al Al Al Al Al Al Al Al Al Al Al Al Al d Al Al Al Al l Ll Ll Ll Ll

Il.l..l.l"ll.'.ll.'l.l..l.l'.ll.'.ll.'..l.'l.l'.lll'.ll.'..l.'l.l..lll'.ll.'..l.'l.l..lll'.ll.'..l.'l.l..l.l'.ll.'..l.'l.l .....................................................

o B4 d e He Mol I -

- S
parameterfree depend on d,, d dg, dys-2dz3, * parameter-free

no 1/m correctlons

W Pl e XX -

e : S— I
parameter- free static two-pion exchange parameter-free (depend on the known Cy)
§>< §>< w>< ; [ Epelbaum, 2018 ]
parameter-free; depend on 2y, ..., 24 .
only tree-level 1/m-corr. survive no loop corrections
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Ab Initio nuclear structure

Effective Hamiltonians and consistent currents Accurate nuclear many-body methods

Nuclei and electroweak interactions

24 Jiang-Hao Yu (ITP-CAS)



Nuclear force
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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
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Chiral nuclear force

L,=Ny i) N, +Ng i) N — gNg = N; — gN; &1 Ny
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3

Chiral EFT
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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 57 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 ~ 4w/ MQ Relevant
28 Jiang-Hao Yu (ITP-CAS)



Power counting schemes

Complicated due to non-perturbative natures and renormalization problems

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
NOT COMPLETE 30 Jiang-Hao Yu (ITP-CAS)



Non-relativistic operators
[ Li,Wang, J.H.Yu, in préparation ]

Operator O =e"[[[[N'(V*En,)(VBp,)V¥ N _ _

\I/(SB) — e—z’m'v-:v eimv-xPJ-\I,(x) +eimv-mPv—\Ij(w)
(N - VN)(Nto- V) —
L =Ny (z) =H () -
Spin Relation —_— EOM and CDC Non-linearized Lorentz symmetry

S0(3,1)/50(3)

vt = L(7f(v))vg  L(7)

Schouten ldentity Vo = (o R () i) =0, o
e Missing Goldstone

l |’U(), 07 0'>
S |’U(), k7 0'>1

SU(2) YD —_— On-shell Amplitude

i.l J:3 2 ]?2 €173 I3t gokaghats (4, 52)(jaiz) (igko) (Koiy)
17313 k2?4

8] s7] = /—1elIK 5K l

ez'r)-K
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NN and 3N operators

Nucleon-nucleon sector

NLO

[ Weinberg 1990 ]
[ van Kolck, Ordonez, 1992 ]

[ Weinberg 1991 ]

[ Girlanda, Pastore, Schiavilla,Viviani, 2010 ]
[ Petschauer, Kaiser, 2013 ] [ Xiao, Geng, Ren, 2019 ]

108

—
o
.p.

Operator Number

100

15 -

1250576 .

173066 .

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

Chiral dimenssion

3 nucleon sector

[ Petschauer, Haidenbauer, Kaiser, Meisner, Weise, 2016 ]

[ Nasoni, Filandri, Girlanda, 2023 ]

In order to obtain the most general contact Lagrangian
in flavor SU(3), we follow the same procedure as used for
the four-baryon contact terms in Ref. [47]. Generalizing
these construction rules straightforwardly to six-baryon
contact terms, we end up with a (largely) overcomplete
set of terms for the leading covariant Lagrangian:

[ Sun,Wang, Yu, in préparation ]

[ Li,Wang, Yu, in preparation ]
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Nuclear many body effects for Ovbb

Long-range and short-range weak currents

LO

BB MEBDA: bacnet-
>®<>@<>@®<’ [ Cirigliano, Dekens, de Vries, Graesser, Mereghetti, 2019]
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Tower of effective field theories

From 2019 (6 years) on reorganizing effective field theories among several scales

[ Hao-Lin Li,Yu-Han Ni, Ming-Lei Xiao, J.H.Yu, 2204.03660 ]
[ Xu-Xiang Li, Zhe Ren, J.H.Yu, 2307.10380 ]

Bottom-up UV Resonance Completion

[ Hao-Lin Li,Yu-Han Ni, Ming-Lei Xiao, J.H.Yu, 2306.15933 ]

[ Yong Du, Xu-Xiang Li, J.H.Yu, 2201.04646]

ne Ren, Ming-
e Ren, Ming-

_ei Xiao, J.H.Yu, Yu-
_ei Xiao, J.H.Yu, Yu-

ne Ren, Ming-

_ei Xiao, J.H.Yu, Yu-

ui Z
ui Z

neng, 2201.04639 ]
neng, 2007.07899 ]

ui Z

neng, 2005.00008 ]

RGE [ Hao Sun, Ming-Lei Xiao, J.H.Yu, 2206.07722 ]

[ Hao Sun, Ming-Lei Xiao, J.H.Yu, 2210.14939 ]

NP Scale - se—mmm— e e e o o e e o o o e e e e o e e e e e e e
Standard model effective field theory L _Iao'Lfn Lf’z
EW scale -- [ Hao-Lin Li, Z
i, Jing Shu, Z
Electroweak chiral Lagrangian with Higgs
mw
Low energy effective field theory
Aqep
QCD chiral Lagrangian with heavy baryon
MeV scale ...

Chiral nuclear force and nuclear matrix

35

[ Hao Sun,Yi-Ning Wang, J.H.Yu, 2211.11598 ]

[ 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, 2105.09329 ]

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

[ Xuan-He Li, Chuan-Qiang Song, Hao Sun, J.H.Yu, in préparation ]

[ Yong-Kang Li,Yi-Ning Wang, J.H.Yu, in préparation ]
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Application to neutrino physics

UV new physics model

Energy frontier

high energy, high cost!

fa scale

QCD chiral Lagrangian
o Intensity frontier

. high intensity, low cost!
Chiral nuclear effective theory

Atomic scale

Precision atomic/quantum sensor
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Thanks for your attention!



