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Outline

- This talk is dedicated to the memory of Steven Weinberg (1933 - 2021)

[ Weinberg 1933.5.3 - 2021.7.23 ]

- Review chiral Lagrangian at various scales: QCD, electroweak, TeV, nuclei scale
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Outline

Among 15 top-cited papers, 7 are relevant to chiral symmetry, 5 relevant to effective field theory
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Overview on Chiral Symmetry



Perturbative QCD vs non-perturbative QCD

V-spin

Isospin
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QCD at high and low scales
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Symmetries in QCD

Locp= Z q(iP — me)q —
g

Scale symmetry

xt — Azt

to(z) = X2, (Az),  Al(z) = AAL(Az)

8,8 = O = —

myu(p)u(p) = (N(p)

— (N(®)|5

Anomalous: trace anomaly
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Lagrangian for low energy mesons

Most general scalar Lag ranglan Current algebra, PCAC, sigma model, NJL model ...
1 aqi, .a a,_a

Lr= 9 pT o' + b quaderatic in pion fields
+ by (7ra7ra)2 + ... quartic, no derivative
+ ¢1(8,m*7) % + (0, m0* %) (7"7®) + ...  quartic, two derivatives
.. quartic, four derivatives, ...

Chiral symmetry Flavor symmetry relates matrix elements of multiplets
o — /8 A;’tlowenergy> a+ nimw — ,8+n271'
Goldberger-Trieman, Callan-Trieman, Adler-Weisberger, etc
Adler Zero condition Chiral Ward Identity PCAC relation
1
br=0 for k=1, ... C1 = —Co 01:—02:@
et o)A = -1 o) L= [0 0] 3,(@) |7 (p)) = 8 ip,Fe
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Goldstone EFT and power counting

Construct generic EFT for Goldstone at IR broken phase

PHVSICAL REVIEW VOLUME 166, NUMBER 5§ 25 FEBRUARY 1968 Shlft Symmetry:

Nonlinear Realizations of Chiral Symmetry* m™T— mT+e€e+ .-

StevENy WEINBERGT
Laboratory for Nuclear Science and Department of Physics, Massachusetts Institute of Technology,
Cambridge, Massachusells

(Received 25 September 1967)

Goldstone mode is a fluctuation around the background in the direction of broken generator

Non-linear transform under G/H

Gapless mode

Weakly coupled at IR

No interaction at long-wave limit

gEFT:,%2+,%3+%4+%5+,%6—|—...

U [H] _ ez'%nd(:r)’fd

2
7 (DU'D'U) g-UM=U[M9]- k[l gl Al g] = Mol

Power counting: Derivative expansion Coset Construction

[Callan, Coleman, Wess, Zumino, 1969]
9 Jiang-Hao Yu (ITP-CAS)



CCWZ chiral Lagrangian

Define the nonlinear Goldstone matrix |
(11) = exp [—11( )] — Q) = gQ(INR (1L g)

/ T2, Ty o T

Symmetric Coset
CCWZ Coset . PN o
_’LQTaﬂ,Q = dHT + E?‘T = dﬂ, + Eﬂ 0O — th—l, 0O — bﬂg’]_zl

d, — D, =0, +iA,

du = b, By = 0BT -ihO0 T | T e e U=9Q*— gUgy'

AR = asTe - AMT

Building block / 4,11), E,.(II) v,=0d,+iE,

fw = QFuQ = f,/T" + f0T* (fut £F) = /B0 £ FF

/ -
u— VGLUQJ;? = g, ub - =

U(l) = «2() — g, U(lDg,

DU = 8,U +iAU — iUAY

[Callan, Coleman, Wess, Zumino, 1969]

u, = z‘Q(DuU)TQ D, Bu1ld1ng block

QCD Chiral Lag EW Chiral Lag
w, — hu,h! ,,,—)gLngl
U, —ir,)u — —il,,) u =iU(x)D,U(x
X = u'xu' £ ux'u, T=UTRU"  —  aTo), W, — oWl

w/ = qu ul + 'utf U

10
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QCD Chiral Perturbation Theory

[ Hao Sun,Yi-Ning Wang, J.H.Yu, in preparation ]
[ Xuan-He Li, Chuan-Qiang Song, Hao Sun, J.H.Yu, in préparation ]
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Physica 96A (1979) 327-340 © North-Holland Publishing Co.

PHENOMENOLOGICAL LAGRANGIANS*

Weinberg’s Folk theorem

Weinberg developed a systematic procedure on effective Lagrangian in 1979 Lyman Labortors of Pysics Harard Unicrsiy

Weinberg’s Folk theorem o folk theorem: Sif

one writes down the most general possible Lagrangian, including all terms
consistent with assumed symmetry principles, and then calculates matrix
elements with this Lagrangian to any given order of perturbation theory,
the result will simply be the most general possible S-matrix consistent with
perturbative unitarity, analyticity, cluster decomposition, and the assumed

symmetry properties.”
| e . ' ' .
[ Weinberg 1933 - 2021 ] L, = TTI- (()“U()IIUT) 4 TTI. (,\UT n U,\”)

Proper Degree of freedom
Meson and baryon, external source

Effective
Field Theory
Global and local symmetry Power Counting scheme
SU(2) x SU(2) / SU(2) Log =Lo+ L+ L+ -
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Weinberg power counting

Based on naive dimensional analysis (NDA)  p-/(4mt)

Egz%Tr(‘?UTaUzTraﬂ'&rl 3;2Tr[67r,7r]2+... T= >< + ><>< + + Q + x

Curved field space TR ' ~PT ' NS Ll |
p ///, L~ ‘l\""-,‘l\\\\ "LZ. 4” f2 2 X 12' 4” o f4 / (27!')4 (k2)2 i4’4’t
e o T Gy
Nl \ NDA
E—A2f2- L Tro,Utory 4+ — (Tr(a8,U'0"T))" + A~4
= Ar2 Ok VRSN ~ 4T fr

Up to given order, only finite # of LEC are needed to renormalize the EFT

Naive dimensional Analysis VWeinberg power counting

- No‘ ™
e

AN, Va1

[.L]N" [L]N A D=2+2N=2+2(L+Zd_2va)
y d

2 A2
A 2
/ 47 47

o
-A-

N

A
f

V= # vertices with d derivatives

I = # internal lines

13 L = # loops Jiang-Hao Yu (ITP-CAS)



Building blocks in ChPT

Two kinds of parametrizations ¢=5SU(2)r xSUQ2)r — H=SUQ2)yv L= Ldcp + 47" (vu + vsau)q — @(s — ivsp)g

W) 0 1 (g, O0\/w(@ 0 \/b' 0 ) .
e I T (5 o) (o wim) (o o) uyfaUsh = g uht = b ugg
U(II) = v*(II) — gLU(lL)gTR Uy =1 {u.—i‘ (0, —iry)u—wu (0, —1il,) u.T]

uu—>buﬂf)_1 B—-shBht

External source  y = 2By(s + ip) External source
— oy T T ,’r,
Iﬁ’ — au'r;/ — au'rp — i[rm 7'1/] X:I: — XU U
: L
£l = 0, — Bdy — ill,,, ) = =ufoul £l fw
Covariant derivative and chiral connection Covariant derivative and chiral connection
. . 1
D,X=0,X—ir,X+:XI, o J— _ _
; pd — X +id D, X =0,X+[T,,X] lu 2[ (Op —irp) u+u (9, — ily) u ]
1 1
Dy DA = - [l ] A - [ £ A]
[HY — THTY — UYTH — [I\u I-v] — _11[ U ] _ —f+

U,Du,x, [, U, Uf

pv
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Operator redundancies

Equation of motion (field redefinition)

ND*4,I'N) =0,
1 DN = (M — 9—4’75’)'“?1#)]\]. ( <—u> ) ga
Dout = x- — —{(x_) ? (N9 D uN) = (N(M — Z>7"y"u,)N)
H X=7 g\ —iD, Ny, = N(M — $2540,,) . :
Vi = i (NyPy" D N = (N5 (M — T u)N),

Integration by part (momentum conservation)
DM1DH2 | DFA(NTIIN) — (NTD* D2 ., DMTIN),
Ferz identity (Schouten identity)
(N T1a3NY) (NPT ANP) = (N T343N°) (N Ty, N*),
(N'T17 aNY (N Torl e N7) = (N'T1N;)(N'ToN;) — (N'T1.N;) (V' ToN;) .

Cayley-Hamilton relation (trace basis)

— (AD)(BC) — (ACY(BD) — (AB){CD) = (AC)(BD), T»=(AB)(CD),
+ (ABCD) + (ACBD) + (ABDC) + (ACDB) + (ADBC) + (ADCB) — (ABCD), Ti={(ABDC), Ts={(ACBD)
=0, = (ACDB), T;={(ADBC), Ty={(ADCB).

15 Jiang-Hao Yu (ITP-CAS)



Operator as spinor Young tensor

v A [ Li, Ren, Xiao, Yu, Zheng, 2201.04639 ]
(V192) (D¥ Fry™ ) (DpFRavr)

Operator [ Li, Ren, Xiao, Yu, Zheng, 2012.09188 ]
ri Fi i r'
D'i¢, S 44 DiVE e Aurl Firil [ Li, Ren, Xiao, Yu, Zheng, 2007.07899 ]
D"_l/zu/.ﬁ") PN /{ ,il/-A, r; +l/2 :
' [ Li, Ren, Shu, Xiao, Yu, Zheng, 2005.00008 ]
DiwiDpyp = D D\ol"a l;l/? —D? €apap T 5 —Il) D\ €p(G"") 4p,
Spinor Tensor mmmmgll Symmetrize indices RAAZRA 0{fmwﬂl —€ap(D,0"Y) . |
_ H VP _ D v (DY) asa = —=€q U)a + = (DY) (as)a
N r i+h; D[m'l'FL/)])' o ED” FLV[IO.[ /}] Il_)’ II-I"e‘lﬁay(I’ /) &) 9 ﬁ(w 2( /( 3)

O = ()" (G5 )®" H(D’ ) ‘,,_;,,

-y N A Fi—h % 4h.
(ea‘aj)®n(€a’,a )®nHi:] Al't lil,rl-i-hl

b= QUi B QULE SL(2,C) x SU(N) —
j , _ M Al — T
| l - : : P

C\IJ< X — Z< “+
g L
~. . | —~ | °
- R n i e
Momentum conservation ik (iJ)
f —> o
N SSYT On-shell Amplitude
) 7. .
5 Z{A,x, N P A
= = 1,...,1,2,...,2,....,N,...,N} 18], g2
(... 2[4 M2 = (P192) (D*FR5M)(DyFRrayy)
Z Z Z ZUJU“ 3y At = Z iy A C\']< : : #1 =n — 2h; ; Z ~aapasyey = (¥10°%2) (DAFRY)(DpFRray,)
: SR :
k\_,_/ On-shell Amplitude correspondence

n 16 Jiang-Hao Yu (ITP-CAS)



Adler zero condition for Goldstone Boson

Chiral symmetry (PCAC)

At low energy

a— 3

<

a+nmm — B+ nom

Goldberger-Trieman, Callan-Trieman, Adler-Weisberger, etc

Amplitude (soft limit of external leg s)

{-1/2,-1/2,1,0,0} 1111114
21212151,
415

ps—>[l
A(l,...,N,s) {

|
2

|
2

- |

-

T(a+ ¢(p), B) =

Adler Zero condition [ Adler, 1965 ]

p — 0
_F“Rﬂ(p) P - 0

(50 (s) + St (s)) A(L,...,N)

3!

1

O»f)
t[afaf2]  [1la[1]2
2[2[a]4], [2]2]4]5
515 1[5

for Goldstone Boson

Expand the soft-limit amplitude into the SSYT basis

Put constraints on the SSYT basis

B(.‘\:)(

[—

I |

|

—

SO =

d N
. N
Pr — 0) Z K/ilB[( :

[W—

DO | =

|

—

S bO | =
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[ Sun, Xiao, Yu,2210.14939 ]
[ Sun, Xiao, Yu, 2206.07722 ]
[ Low, Shu, Xiao, Zheng, 2022]

Chiral symmetry breaking: spurion technique
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Chiral Lagrangian for QCD and beyond

gEFT:o%2+o%3+%4+,%5—|—,%6+

Pure Meson sector

Meson-Baryon sector

[ Weinberg, 1979 ] SU(2) p3 I Krause, 1990 1
[ Ecker, 1994 ]
I Gasser, Leutwyler, 1984, 1985 1 SU(2) p4 [ Fettes, Meisner, Mojzis, Steininger, 2000 ]

[ Fearing, Scherer 1994 ]

I Biinens, Colangelo, Ecker, 1999 1

p3 order [ Oller,Verbeni, Prades, 2006 ]

[ Jiang, Ge,Wang, 2014 ]

CP-odd [ Frink, Meisner, 2006 ]
[ Bijnens, Hermansson,Wang, 2018 ] p4 order [ Jiang, Chen, Liu, 2017 ] _—
[ Li, Song, Sun, Yu, in préparation ] C+P-
C-P+
pS order C-P-

[ Sun,Wang, Yu, in préparation ] C+P+
C+P- [ Song, Sun, Yu, in préparation ]

C-P+
C-P-
18 Jiang-Hao Yu (ITP-CAS)



Classifying operators by CP symmetry

Parity and charge conjugation are the outer automorphism of the Lorentz and internal symmetries

SO(4) x {1,P} = O(4).= SO(4) U O_(4) [ Hao Sun,Yi-NingWang, J.H.Yu,2211.11598 ]

I ol Ct — 11T [ Sun,Wang, Yu, in préparation ]

Hilbert series

!
PE(¢x . (D ))
HO'TH (D, ¢) = | dulg) s At
1 e G p’ g P(.D g )) 396459
P Yl pdt ’ {C-':t p-_::} P
63508 . -
Group Branch SO(4) O (4) 20128
integral variable a. =a=(a),a2) a =a s
re . - - ey } 0 104
parametrization - = Q a— = (a1,1) =
Haar measure dnso () dpspiaya.) =
e
-
Group Branch (1) _(1) 8
- . )
integral variable Ty =2 r_ =2 O
reparametrization T.=2 FT_=2z OQ_
Haar measure digz 1y () dity:y () 100 - N
Group Branch SU(2) | SU_(2)
integral variable B M
reparametrization Fields SU(Ny)y Intrinsic Parity Charge Conjugation Chiral Dim |
7
Haar measure
uy, adjoint — 'u;f |
Group Branch SU(N) ‘ !
integral variable | z = (z, ) adjoint + 268 2 . , A
reparametrization Bp=2 4 5 8
Haar measure | dpsupn(c (B=) singlet = (X 2 Chiral dimenssion
fipw adjoint + +fr o) _
*“ : Hur ) Jiang-Hao Yu (ITP-CAS)



Operator Bases for Generic EFT up to All Order

Amplitude Basis Construction for Effective Field Theory

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

o Downloads

Home
Repo

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:

» |t 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 dim

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).

|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)

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

Jiang-Hao Yu (professor at ITP-CAS)

20

Dim

Model

Lorentz
%

Invariance

Classes

Gauge _
ﬁ

Invariance

Yu-Hui Zheng (5th-year graduate student at ITP-CAS) https: //abc4eft_hepforge.org/

Fully Automatic

Standard model EFT
Low energy EFT

Dark matter EFT
Sterile neutrino EFT

Gravity EFT
Axion EFT

Jiang-Hao Yu (ITP-CAS)



Electroweak Chiral Lagrangian

[ Hao Sun, Ming-Lei Xiao, J.H.Yu, 2206.07722 ]
[ Hao Sun, Ming-Lei Xiao, J.H.Yu, 2210.14939 ]

[ Hao Sun,Yi-Ning Wang, J.H.Yu, 2211.11598 ]
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A MODEL OF LEPTONS*

Steven Weinberg¥

Weinberg’s Standard Model
Laboratory for Nuclear Science and Physics Department,

Electroweak unification inspired by QCD chiral dynamics Massachusetts Institate of Teohnology, Cambridge, Massachusetts

My starting point in 1967 was the old aim, going back to
Yang and Mills, of developing a gauge theory of the strong interactions,
based on the symmetry group SU(2) x SU(2)

Then it suddenly occurred to me that this was a pertectly good sort of
theory, but | was applying it to the wrong kind of interaction. I'he right
place to apply these ideas was not to the strong interactions, but to the weak

and electromagnetic interactions. :
> Weinberg 2004

SU(2) ® SU(2)g — SU(2)1+r Symmetry

‘bﬂ* ‘b+
—Pp— PO

2=(<I>C,<I>):(

Lo = %Tr (D2)'D,3| - %(Tr 23] — +?)

-mann-Levi model

v? h\?, 1 m> m?
_ _ TpUYT\ L — £t o222 . hp3  TThogd
La = (1+ v) (D, UDMU) + 5 (8,h0"h —mih?) — Lk —
L 1 4
Custodial symmetry: 2 v=1 L2 = My WiWH+ - M; 2,7
Ly = - Tr (DU Dry) =

Mw = Mz coslOw = %gv

22 Jiang-Hao Yu (ITP-CAS)



Electroweak chiral Lagrangian

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)
Y = (¢, 9) = ( ¢:_ Z; ) — gp, 2 g}z dr.—7 9L 495, 9r—7 9rR9UR;
(T) = (g S) £ 0 (O[(a,ax +a,q,)[0) #0

QCD Chiral Lagrangian

Electroweak Chiral Lagrangian

~ %2 70 + L,G 7 T K+
Ao v ~ 1 _0 1 KO
b = ﬁ(;’) = i BT TGN
K- RO _\/g,}
SM fields and Goldstone meson and baryon
SM Fermion masses from Higgs VEV Baryon masses around cutoff scale from Trace anomaly

23 Jiang-Hao Yu (ITP-CAS)



Which EFT? SMEFT or HEFT

Does the SMEFT cover all kinds of new physics scenarios? [ Agrawal, Saha, Xu, Yu, Yuan, 1907.02078 ]

Depending on nature of the Higgs boson and decoupling feature of new particle

Landau-Ginzburg Higgs Tadpole-induced Higgs Coleman Weinberg Higgs Pseudo-Goldstone Higgs
f
V(g) = —mPelo+ A610)  V(9) = —iVoTo+mPelo  VIe)=N616? + (016 1og %) — —asin®(¢/f) + bsin*(¢/f)
Fundamental Partial Conformal Composite
particle Fundamental particle particle
(condensate)

Also [ Falkowski, Rattazzi 2019 ]
[ Cohen, Craig, Lu, Sutherland, 2021 ]
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Ingredients of electroweak chiral Lagrangian

Three ingredients: field, symmetry and power counting

building blocks | spinor-helicity | Lorentz group SU(2)L SU@3)c dy

Ly Li. (5,0) Fundamental Singlet 1

Lg Lg“ (0, %) Fundamental Singlet 1

QL QL, (5,0) Fundamental | Fundamental | 1

Qr Qr“ (0, %) Fundamental | Fundamental | 1

%5 Wit (1,0) Adjoint Singlet 2

Wgr Wg!48 11 (0,1) Adjoint Singlet 2

GrL GLag (1,0) Singlet Adjoint 2

Gr G RdB (0,1) Singlet Adjoint 2

By, BrLag (1,0) Singlet Singlet 2

Bpr Br%? (0,1) Singlet Singlet 2

V# ~ DHII (D¢') 457" (5,3) Adjoint Singlet 1

DH D,.s ( % , % Singlet Singlet 1

T T 71 (0,0) Adjoint Singlet 0
Chiral dimension (NDA) d, =d; + k; 1 Z“ Vi =2L; + 2.

w, = tu(D,U) uw=—w!D,Uu!
e = Wt WH 4+ w BRyt

T = uTru'
uWJL
UYR
Y = uYru!

Vu(z) = iU(z)D,U(2)",

p'?..

16m2v2

W,

B,,

T = UTRU'
(3

Utr

Y = UY,U!

g2 y2

P L

U A A

A

T (4m)?’ (4m)?’ (4m)?

BHU:LQ;{

an figl,

< 1.
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Spurion technique

The SU(2) spurion is introduced to parametrize custodial symmetry

breaking

f,€2’\’

fijfj = 2 ~

TITJ
303

Littlewood-Richarson rules

-
o

S,
R

k i
T T T WL (L0 L, ) QL@ )

i aArk I J
7K TM i IMTITEW uu(LL,mUA"L}zr )(QL sk QR

J

fa'l

1.al

I _Ik
T 777 € €

ilj].

T ...TL) € spin j

— TQ(SIJ +

K 279

\ Gauge Singlet /

SU(2) ~

T[IT.]]

3

+ TVT",
+ 5.

Symmetric highest weight

61.]1\‘ TIT.IAI\‘

[ Sun, Xiao, Yu, 2206.07722 7
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Results at LO/NLO/NNLO

Compared with literatures, new 6 (9) operators found at NLO Zgrr = £ + Zp + L + L + L + .

LO Lagrangian

NLO bosonic

NLO 2-fermion
NLO 4-fermion

AT [ . 2 - el 1" P AL .
o = T VT T T L L
gt ’ s , S | YO P
o =l M T 10 1A Oy 1 7V
] ‘ ]

“* 6 term'missing

Ay ot . . — Y. -— '
oL —}ll_-l-“ T e U TG e Mt 000 F ey ()
Jik et . I '
L& - V= Pl [ TR T (LR LT s 0 LY

NNLO Basis

Classes Niype Nterm Noperstor
UhD* | 3464040 15 15
[ Weinberg, 1979 ] X2Uh | 6+4+0+0 10 10
XURD? | 2464040 8 8
X3 4+2+0+0 6 6
Y2URD | 4+8+0+40 | 13(16) 13n;2  (16ns2)
, 2URD? | 6+10+0+0 | 60(80 60ns2  (80m2
[ Appelquist, Bernard, 1980 ] be"’UhX T+74+0+0 22§28; 22nj2 E28n;2;
[ Longhitano, 1980, 1981 ] P 12+ 24 +4+8 | 117(160) Lns2(31 — 6ny + 335n;2)  (np2(9 — 2ns + 125n,2))
[ Feruglio, 1993 ] - s 261(313) $ous” _ g’ A 439 (39 +133ny° — 2042 — 2n,° + 125n")
Noperatrs(ng = 1) = 224(295),  Noperaus(ny = 3) = 7704(11307)

[ Buchalla, Cata, Krause, 2014 ]

[ Buchalla, Cata, Krause, 2014 1]
[ Pich, Rosell, Santos, Sanz-Cillero, 2015,2018 ]
[ Sun, Xiao, Yu, 2206.07722 ]

[ Sun, Xiao, Yu, 2210.14939 ]
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Uhy*® k2 7 = £ T L hap?
O35 = @™ Tar,)(@pv"U' 7 Uqr,)Fz3 (h);
Uhys* — A_T — \ A Uhy*
05" = (‘ILs"a"u’\ T Tqu)((er')‘ﬂ)‘ UT"'IU‘IRt)-FMW (h),
Thah® ' T + \ 4 ',4
O = (rsvum L) g c* T UTTUIR,) Feg™¥ (h),
O(/'h‘l,f)‘i L Z ITl — ‘u I fLrhwl h
107 = ( LsYuT T»p)(QLt’) T qu) 107 ( ),
U hap® IR | i \ U7 hap?
Ons = (ZRS YT TZR-]))(QJ{.L .'“TIQRr)-Flw/ (h>:«
Uh T - 1 & s s Th, '.,4 .
01197’ = (Zu‘.s-"r'uU'T’TUZHp)(Qu”!” T’QLr)flngu (h),
Uh ye 3 s [Th ',-'1
012517 - (lLs’YpTITZL;n)((IRt""“UTTIUCIRr)}—l251'1 (h),

|

Uhy*® abe _In _km 4 & ' U hy*
Olso = Ve ™™™ (Tl )znnC(TQL)ran-)(QLraquLtcz)]: 159 (R),

t

Thah™ -y ! g r 4
Oi/t}%w = V| s.éa'bcekmfln((TIRT)me(TQR)mn)(QR.ﬁkaQRtal)ffG%w (h)

|t
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Nature of the Higgs Boson

Before the Higgs discovery, and after ...

What is dynamics at EVV scale?

What is dynamics at TeV scale!?

Weak dynamics @ EWV scale Strong dynamics @ EVV scale Fundamental Composite
SM, SUSY, etc Technicolor, etc weak dynamics at TeV strong dynamics at TeV
ATH

Implications of dynamical symmetry breaking =

Steven Weinberg O
Phys. Rev. D 13, 974 - Published 15 February 1976
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EFT for Psuedo-Goldstone Higgs

Composite Higgs, neutral naturalness, little Higgs, etc

Composite Higgs

[Agashe, Contino, Pomarol 2004] Minimal Neutral Naturalness
[Xu, Yu, Zhu, 2018] ~ —
SO(5) SO(4 v
G H C Ng ry = rsu(2)xsu(2) (Fsu(e)xuci)) SUE) < U0 SU@) X UQ) 2011
:‘ " m -SU (5-’ ----------- SO( ,-17 ------- ‘-/- amm ’1- ------------------ 4- [ -(-2.- 2)- ------------- ., g(L)::‘l,: ggt(t)} j o 2(1(11)1T+(2(,22)2)
= S0O(6) SO(5) v b 5=(1.1) | (2,2) : — , , SUGY S ) SUGY €U T BajetBoas dud a2 s
S]-:‘:. ).;{.U(IT..SU(Q)-;(.UZTJ ........ B .................. 2-;:;-,.2.:;. (.) ............. 4 EEE— G/H Wlth ComPOS|te states Eg:é; SU(E(({(?S]UI 2 ';2(:23)';2-(?22)22)
SU(4) Sp(4) v 5 5 (1,1) +(2,2) —_— | wor e r eklaaie
SO(7) SO(), .Y 6 8220 (22) m Integrate out heavy composite states | &6, WAL o
S I < B T TR P S s R SIS
sSU(4) x U(1) SU(3) x U(1) 7T 3_13+3:1s+lo=3-lo+2.9,2 ;  TUTTTEEmTTITTTIITTTITTTImTmTmmmTmmmmmmmmmmmmmmmmmmmmmmY T P S DS Rt 3 S e
"."S(j“'}"".""""c.g ......... ‘./,,_...7. ....... TTTLL 7...‘.(1.’.3}.4_.(2.,.2)........'..-' [sq(())(fq,)lz so(ss)(l((gom) ,,{/ éé 15 :(5(,14)1;:?22’.2()2;2(>1_+(g:}):3()1,3
SO(9) SO(8) S8 R=12.(22) Twin Higgs
SU4)  [SU@)? = U(1) v* 8 (2,2)12 =2 (2,2) G/H
[SU(3))? SU(3) 8 8 = 1o + 2412 + 3pChacko, Goh, Harnik 2006] f . triplet, doublet
Sp(6) Sp(4) x SU(2) v 8 (4.2) =2 (2,2) Integrate out heavy PNGB other than the Higgs ”’ )
SU(5)  SUM@) xU(1) v* 8 R B 10 ) K UeHaTy. 1eavy
[SO(5)]* SO(5) v 10 10 =(1,3)+(3,1)+ (2,2) . . _ .
SO(7) SO(5) x U(1) v* 10 100 = (3.1) | (1.3)  (2.2) If all other PNGB heavy If one light PNGB (singlet) If one light PNGB (multiplet)

JRETY: %1 IS [SU2)2,.... 4. A2 (2.2,3)=3:02.2)...........

© SU(5) SO(5) ' 14 14 = (3,3) +(2,2) + (1,1) :
‘.lllst—l(bj) lllllllllll SII)‘I\({),I) lllllll 7"..1,4.....1.4.; .‘2...(..2:'2). ._r_.‘:i:g). I—Fl:;l.l(ll’lijll‘ SO(S)/SO(4) EFT SO(6)/SO(5) EFT -
SO(6)]? SO(6) VI15 15 =(1.1)+2-(2,2)—(3,1) + (1, 3)
SO9) SO(5) x SO(4) v* 20 (5,4) =(2,2)+ (1+ 3,1+ 3)
[Csaki, et. al, 2015] U -

Little Higgs EW chiral Lagrangian

[Arkani-hamed, et.al. 2000] [Qi, Yu, Zhu, 2019]

29 Jiang-Hao Yu (ITP-CAS)



Vacuum misalighnment and effective potential

Top partner to solve little hierarchy problem

Higgs potential with only boson sector EW symmetry breaking
yrf
O NS
-k
) VvV VNV V

Y f
| O
—(100 GeV)? = ----@---- o T
( V) ¢ * Yt Yt + - --
— Y
2f
2 6 2/ A2
_ 0\2 2 2 Yt 2}
U T Oye) T gpAniflos m?
Little HIggS Twin H|ggs
Composite Higgs Neutral Naturalness
Gauge Higgs

30

Composite Higgs Left-Right Z2 Twin Higgs Minimal NN
'-..\_\_\“\“—_————_ ’f;' —————__-____,_/’/

—_— / I
e

Lo =t (0°)tr, + trplly, (p*)tr — (t211i,15 (%)t + hoc.)

MM, (— Q%) = oy, (—Q%) + Ty, (—Q7) 8} + My, (—Q°) 57, + - -

Coleman-Weinberg effective potential

Cithh

0.0}
_:)2
-04r

- 0.6}

i P

- '.:Vi.‘ )': ty L g \:k Iy
‘/\j o+ tLt/\ J\AtL t{j‘{\ )\‘f " i /)‘A\(\ > | -(-'*/ ) \‘-)_
\. \ o/ RS LS T =) -

“ o N )
- S
tL 2N, A 212 2 2 |
V<h) - = 167_‘_2 0 dQ Q log[HtL HtR ) Q + HtLtR]

= =vs8h + Bpsi+ -

/  |[Li, Xu, Yu, Zhu, 2019]

U4 05 08 10

EW Chiral Lagrangian

Higgs nonlinearity

MCHM;y5, = 1TV

Shape of Higgs potential

[Agrawal, Saha, Xu, Yu, Yuan, 2019]
Jiang-Hao Yu (ITP-CAS)
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Nuclear Chiral Effective Theory

[ Hao Sun,Yi-Ning Wang, J.H.Yu, in preparation ]
[ Yong-Kang Li,Yi-Ning Wang, J.H.Yu, in preparation ]
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Historical overview on nuclear force

T T
S + Ss¢”
T T

2N Force 3N Force

0] — 1.O
: 1 j YT
» S, channel - (Q/A))

200 . J
- : : Lot
 eouisi , . NLO >< =]
| repulsive 2n )

=~ : <1
4 " Swof o || 0 pwo T L QA [t
e NP o I & I : A1
e T M W " > '
% N S— ) Tom | ]
____________ | i - y | o
, . A PR & RPNy
t A e I] [l — 100f ane am | @AY T XX
N N -7’. " » 0' FE—— ‘OLSL PE—— 11 —— L1;5L " é PR—— A2'5 /,-' \
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, Nijm,

' Pauli, ... Watson, ... Reid93
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Chiral Nuclear Force

Meson Exchange Model

Chiral EFT

T - N - T 7 1 -,
L,=Nr, i) N; +Ng i) Ngp — gNg £ Ni, — gN;, =1 Np f«i,;z; = (iD— mn + gAY YsuM) P
Y It . Y I n It
g MNQA(O) — F,,T 9=NN g Y’g.
" T g4 = 1.27, gy =~ 13.40 N o N oo
A= 1lal,gzyN = 190
ga =1 my = gv = gannFx Goldberger-Treiman Relation
Modeling only Perturbative derivative expansion
3()0’7” ,,1, 500"'?' T
h I 4 i C , , :
Sp channel . L contact interactions _
2 [t
S M i 1
s 0 ‘, —
C ,;.'-’:f:"‘
2 e 'l %% 3
S 4
C:) i ‘.\ 'I.’I{' N g
2 500 *; i multiple GB .
4 1 - -l 7 exchange (ChPT) -
- E | .-' :
p,(l-),6,0 -llllillll 11111111 | I
' * . -10000 l 5
Repulsive central Separation (fm)
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Nuclear forces from chiral lagrangians

Weinberg’s nuclear force

Theory Group, Departrnent of Physecs, University of Texas, Austin, TX 78712, USA

Received |4 August | 990

S

Hard-core nucleon-nucleon interaction

EFFECTIVE CHIRAL LAGRANGIANS FOR NUCLEON-FION

_ _ f INTERACTIONS AND NUCLEAR FORCES
Weinberg power counting P =2-4+2L+ Zd: Vald =2+ 3 e vEnaERsH
' Theory Group. Departinent of Physics. Usaversity of Tecas, Austm, TX 78712, 11SA
*--9 =2(1-2+2/2) =0 = (0-2+4/2) = 0
It had
| taken me a decade to realize that four divided by two is two. This sort
[ Weinberg 1933 - 2021 ] 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
- 5 \ 7
I\ \
I \ 4
—_— N —_—
Nuclear potential from Irre. 2Pl only Breakdown in perturbation theory = nuclear bound states

Resumed by Schrodinger equation
34 Jiang-Hao Yu (ITP-CAS)



Pionless effective field theory

At low energy, the NN contact interaction shows non-perturbative nature (nuclei bound states)

- XX O X -

2 Mp
47rM

Infrared enhancement!

Weinberg, 1991
Natural scattering length a| S 1/A

M\ (M MQ
ol g) () o~ g

% —Cy

Kaplan, Savage, Wise 1998

~1
Unnatural scattering length al ~p7" > 1/A

_ Ama LA T ITE A 1 0/2 2 (10/2)® 4
A= M |:1 ap - ('2&,0 ! )p HOW/A )] A= M (1/a + ip) [ * (1/a +zp) i (1/a + zp)zp T
0
Cp ~ 47Ta’/M O(p ) - Co ~ 4w/ MQ O(p—l)
A‘IQ 4 2 AﬁlQ 4 2 g:" JMQ N 4m ‘ .MQ - 4
K "“(i:fa) e T ol o ~(3a) B 30
2 0 ™ T
mTa —_
_ - 2 Cz — 0
Cy = T O(p*) m Q2 O(p")
Jiang-Hao Yu (ITP-CAS)
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Chiral effective field theory

. . 1 _
Wemberg power Countmg w=2+2{—1r+ Z Vi (di -+ En.,; - 2) [ Weinberg, 1990/1991 ]
2PR Diagrams
——— Dim = 2(1-2+2/2) = 0
|
! | = - ,
| Y.L ga\ @ AT F?
——— Vie = —(om) T T~ O1) | | N(—) ANy = —=
2F, . 2 4+ M2 - . NN ~ fr
q* + M:? : ’ Fr ] Ann Emy
2Pl diagrams
9 Dim = 2+2-2+2(1-2+2/2) = 2 [ d'q 1 1 1 1
B S  — . (2m)! 0~ E& e o 4 EG 4 e (q+p)" +ie (q—p)° +ie
I\ \
I ' nucleon pole Pinch singularity
_ N _ v
IA\ A S ’ 7 3 2My
ro ~Z = (2m) e mN enhancement
\n /7 , ’ h .
1. calculate nuclear potential from irreducible diagrams 2. Truncated nuclear potential is iterated to all order
pinch diagrams subtracted : — n + 0 x

Solve Schrodinger equation
36 Jiang-Hao Yu (ITP-CAS)



Power counting schemes

Complicated due to non-perturbative natures and renormalization problems

7 LO ~ D01 ,"leo ~ - -
Weinberg Scheme Vweinberg ~ O(1)y - Viveinherg ~ O(P7) Weinberg, 1991
[i.e. scaling of Cz2, according to NDA (~ O(1))]

+ i i |
>®< Renormalization problem!

Visw ~ Op™ "), Vigw ~ O(1) Kaplan, Savage, Wise 1998

KSW Scheme , |
[i.e. scaling of Czn as Can ~ O(p-11)]

Pion are perturbative

@ L -
A? >< i %%\ ; + 2>O< Converge problem!

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

2 o1-9)(o2 ~ ~ | ~ &
V(e p) = S O DO D 6 G, VPO p, p') = VIO (p, ) + (o, + Cop, o Solve both ! ?
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High precision nuclear force

1990 2N LO

1994 3N LO

1997 2N NLO

(SRG, Okubo-Lee-Suzuki, ...)

U. Van Kolck et al, PLB1992, PRL1994
N. Kaiser et al, NPA1997

_ , 2000 2N N°LO :
o 100 t--@--qp---- 3

N2LO(Q?) =T 1.

U. Van Kolck et al, PRC1994 3 . ,.;i%j

E. Epelbaum et al, NPA1998,2000 U. Van Kolck et al, PRC1994 2003 2N N°LO e
» . ” =P & 3 e - ® o 3
¢ 9 - N 2 L 2007 3N N°LO

N>LO(Q*) G & + il e ¥ = + -

R. Machleidt et al. PRC2003 . S.Ishikwas etal. PRC2007 R

E. Epelb t al. NPA2005 : V.B d et al. PRC2007 i e R
______________________________________ el et i i e R ALttt oo et N i RS A O B RO 2015 2N N4LO

4 5 :. -' :: ‘n ‘:A :::2 .:

N*LO(Q”) il 1 Pa * Vawe [ from L. S. Geng'’s slides ]

R. Machleidt et al. PRC2015 | H. Krebs et al, PRC2012,2013

E. Epelbaum et al. PRL2015 NOT COMPLETE _
.................................................................................... N B Bl S S TR U R T Weinberg scheme

- - ') 1“>; “ ’: .l ! -- ! - - R [
5 6 o W 3 | ‘@ -@--+0--© -- | Ll . .
N>LO(Q°) ) R 4SRN Y l ;] . g e b e | A B ¢ 1 [ Entem, Machleidt, Nosyk, 2020 ]
. s | - +--.

R. Machleidt et al. PRC2015
NOT COMPLETE 33 Jiang-Hao Yu (ITP-CAS)



NN and 3N Operators

Nucleon-nucleon sector

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 ]
T - | - - | - 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

1250576 -
-

10° .
i /’/ these construction rules straightforwardly to six-baryon
173086 -/./’/ contact terms, we end up with a (largely) overcomplete
e | set of terms for the leading covariant Lagrangian:
/_/

/.- 20292 -

-
=
N

[ Sun,Wang, Yu, in préparation }

Operator Number

100 —

AY(IIJ) it e—iMn-a: e’i“'{"'iji\"(:L') e e?’..’ixl-v-mpv—l\;(w)

=N'(z) —H(x)

- 8 [ Li,Wang, Yu, in préparation ]

1 1 1 s 1 ' : 1 | 1 ' 1 [ | 1
0 1 2 K 4 ] 6

Chiral dimenssion Jiang-Hao Yu (ITP-CAS)



Nuclear Weak Currents

Explore the nuclear weak currents (EDM, Ovbb, etc) in chiral EFT

.............................................................................................................................................................

II.IIII.II;IIIIIIlll.llllll..lllllll.l..III.IIIIIIIIIIIIII:llII.II.I.I.IIII.IIIIIIllll..l.lllll.l.lI.III.I.IIII..IIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

[ Epelbaum,2018 ]

-+

He Hoitls FH A A

rameter-ire de dddddzd:
" " ' " (~GeV)

- w¢><#><

parameter-free stat c two-pion exchange

§>< §>< , MX_ Nuclear/

R
pn mt f .pen on z, . 248
0 |

d N . .
w loop corrections atomlc Sca|e

i~

parameter-free cdepcnd on'
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CPV BSM dynamics involving
new particles with Mgsm ~ A
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Ab Initio nuclear structure

Effective Hamiltonians and consistent currents

Accurate nuclear many-body methods

———
h—,i‘ﬂ -

Nucleil and electroweak interactions

Yu (ITP-CAS)



Neutrinoless double beta decay

Involving In meson, meson-baryon, baryon-baryon Lagrangian with weak currents

Standard model effective field theory up to dim-9

EW scale . .
Low energy effective field theory up to dim-9
[ Sun,Wang, Yu, in préparation ]
Aqcp
Pure meson with lepton source Meson-nucleon with lepton source Nucleon-nucleon with lepton source

n P n ' p n p

n P n A n P
MeV scale

\_/ —
SN
AN ,/
\‘ /1
+ X
AN
-/,/ \_\-\
P ).
"

[ Cirigliano, Dekens, de Vries, Graesser, Mereghetti,etc 2019 | [
42

>< XA -

Jiang-Hao Yu (ITP-CAS)




Low energy probe of high energy physics

Intensity frontier: weak currents of nuclear processes

NP Scale

EW scale

Aqcp

MeV scale

Energy frontier

high energy, high cost!

Energy

SM-EFT

~ 100 GeV

SM-EFT’

Intensity frontier

high intensity, low cost!

~ 1 GeV

ChiPT

D33 operators
(Long- and pion-range)

~ 100 MeV

EFT

Inctm% Recoiling n.cleus

Outgoing neutring [AA,AP‘

rAA AP, PP MM
A’.{]ﬂ', A’[GT‘T

Mg edqy M

Flavor physics: pion, kaon, bottom, ...

body
Methods

Many

~ 1 MeV

™ Rare process: cLFV, mu-e conversion,

Ve = Ve

T/, (0" — 07)

Neutrino physics: NSI, CEVNS, Ovbb, ...

Jiang-Hao Yu (ITP-CAS)



VOLUME 40, NUMBER 4 PHYSICAL REVIEW LETTERS 23 JANUARY 1978

A New Light Boson?

Steven Weinberg
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachuselts 02138

(Received 6 December 1977)

It is pointed out that a global U(1) symmetry, that kas been introduced in order te pre
serve the parity and time-reversal invariance of strong intaractions despite the effects
of instantons, would lead to a neutral pseudoscalar boson, the “axion,” with mass rough-
ly of order 100 keV to 1 MeV. Experimental implications arc discussed,

Axion Effective Field Theory

[ Huayang Song, Hao Sun, J.H.Yu, 2305.16770 ]
[ Huayang Song, Hao Sun, J.H.Yu, 2306.05999 ]
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QCD Theta Term

Gauge invariant degenerate QCD vacuum (instanton) induces theta term in Lagrangian

Chiral fermion

1 apv ya | gg v _: 0.¥ — Ng T G“”éuv
Lz—ZG” Gl HG” G U(1)a:q — e “q; a167r r( )
+Z¢ (zD e )¢ qui — €""qLi, qri — € g M — e #*M

argdet M — argdet M — 2aN
Rephasing |nvar|ant

0 —0 =60+ 2aN + argdet M — 2aN = 0 + argdet M = 6

If det M = 0, argdet M would not be a physical parameter anymore

Instanton changes chirality of fermion zero mode (anomaly)

2
/d4 1672 GWWF#UFPU — /d4$ Z¢n75¢n — NRr —N[L

Generate t’Hooft vertex in Lagrangian

L 160 ~Tr(Flu* Flu) = £+ 5 /9 e%det yy,(z)Pg () + e /7 e det yr (z) Py, (z)
mw

Chiral condensate (h_1. )= = det(iD) podg
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Strong CP problem and Axion

VOLUME 40, NUMBER 4 PHYSICAL REVIEW LETTERS 23 JANUARY 1978

A New Light Boson?

Steven Weinberg
Lyman Labovalory of Physics, Havvard University, Cambridge, Massachusetts 02138
(Received 6 December 1977)

& @ It is pointed out that a global U(1) symmetry, that has been introduced in order to pre-
t serve the parity and time-reversal invariance of strong interactions despite the effects

' | : of instantons, would lead to a neutral pseudoscalar boson, the “axion,” with mass rough-
[ Weinberg 1933 - 2021 ] ly of order 100 keV to 1 MeV. Experimental implications are discussed.

&L = f2 Tr ,Uo*U" +af, Tr MU + bf,detU + h.c. u— e'u, d— e'%d, 0 —0-20.

V=—af}Tr ((m“em" Oied) U) +h.c. = —2af} [m cos( + 2) +mycos(p g)]

0 mge 2

PO

¥ = —myNU'N® — c;NMN® — e; NUTMIUTN® — %(QA —1)[N*U8,U'N + N°lo*U'8,UN*] ’0

m,mg

~C+H . ,8AMN ,- ‘|
Y =—-80 TNTYNC TN TYNC. = .
I : Ir ‘ H m, + nmy 5@
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Summary

- Reuvisit tower of EFTs based on Young tensor, J-basis, and Adler zero/spurion techniques

New physics scenarios, (SUSY, pNGB Higgs)

05T P Bottom-up UV Resonances

Matching and running at different scales

Standard model effective field theory

EEW SCale - o r oo oo s
Electroweak chiral Lagrangian with Higgs
myy RGE running effects not so smalli
Avoid large Log!
Low energy effective field theory
Aqep
MeV scale -.. Strong coupling region

Chiral nuclear force and nuclear matrix

chiral expansion is perturbative!

Jiang-Hao Yu (ITP-CAS)



Tower of effective field theories

Five years (2019 - 2023) 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
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[ 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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Thanks for your attention!



