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- 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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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
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Symmetries in QCD

Loop= Z (}('LD - mqe )q - —G”“’G“ v

q

Scale symmetry

' — Azt

bo(z) = N (Az),  Al(z) > AAL(AT)

Anomalous: trace anomaly

’8 (@) a(a)uv oy
8 S}“ — 9“ — 293 N F( W + ; qu/)qwq
myu(p)u(p) = (N( p)|9"
_ <N(p) 80( D F;:,UFHV -+ Eq mqqq|N(p)>

90% proton mass from gluon dynamics

X. ~
Mo/ %e.
4 8r ¢ M

Chiral symmetry

U3) x UQ3)
?,bq — eia’tﬂq Baryon number (o U
. d s U | d
Y, — €Y, U(1)A S s

Gell-mann SU(3)
Anomalous: axial anomaly

J(O) (m) 3043

DL

F&/Fa + Z mq‘}'Y:')q
q

Loet= (—1)N K—5<5L“R><EL'dR><§L5R) Wt~ Ayop

Eta-prime mass from instanton dynamics

Although anomalies, still approximate SU(3) x SU(3) symmetry for Aqcp > m,
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Chiral Symmetry

Enlarged SU(3) x SU(3) symmetry for small quark masses

ur )4
gr = |dr | = Lgr = exp(—i-e‘i—)QL a a o _ 0 N
2 = — a5
V, =R, + L, = qv 9 q Y,....Q% (vector currents)

A A Qg (axial currents)

SL
1,.-.-

UpR
¢ Aa
dr = (dR) — Rqr = exp(—'lfnj)(m

SR

A, =R, —L, = 4NY55 4

Nambu-Goldstone realization

Wigner-Weyl realization
Qvi0)y =0 Q%|0) #0

Qvl0)=0  Q4[0)=0

Qugrk condensation breaks chiral vachum

Vacuum is symmetric
(0/grqr|0) 7 O

(0|grar|0) =0

Vafa-Witten Theorem Goldstone Theorem

HyQ;*[0) = Qi*Hy|0) =0
E=0: Q10),...,Q8]0)

Pion, K, eta are identified as
8 Goldstone modes
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Lagrangian for low energy pion

Most general scalar Lagrangian

1
L. = 5 ot Tt + byt

+ b1(7Ta7Ta’)2 + ...

+ ¢1(8, 77 % + (0,0 7%) (n°7°) + ...

+ ...

Chiral symmetry

At low energy
< >

a— B o+ mw — B+ new

Flavor symmetry relates matrix elements of multiplets

Current algebra, PCAC, sigma model, NJL model ...

quadratic in pion fields
quartic, no derivative
quartic, two derivatives

quartic, four derivatives, ...

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

Adler Zero condition Chiral Ward Identity

br=0 for k=1, ... C1T = —C2 g

T(a+9(p).8) = -2 R (r) 2225 1)

PCAC relation
_ 1
=672

C1 — —Co

(0| 52, (z) |7°(p)) = 6 ip, Fe P*
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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]
10 Jiang-Hao Yu (ITP-CAS)



CCWZ Chiral Lagrangian

Define the nonlinear Goldstone matrix [Callan, Coleman, Wess, Zumino, 1969]

Q(11) = exp [—11( )] — Q) = gQ(ID)h 4 (11; 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'

DU = 8,U +iAU — iUAY
AR = asTe - AMT

Building block / 4,1, E, 11) v,=0,+iE, w, =iQDU)'Q D, Building block

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

/ A J—
U — vgbUgL = g ub™" = b ugy,

U(l) = «2() — g, U(lDg,

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

— ., fL i
=uf u tu U, A
W i f v Y=UYrU'  —  gYg, Bu — rBugg
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QCD Chiral Perturbation Theory

[ Chuan-Qiang Song, Hao Sun, J.H.Yu, 2405.15047 ]
[ Xuan-He Li, Hao Sun, Feng-Jie Tang, J.H.Yu, 2404.14152 ]
[ Hao Sun,Yi-Ning Wang, J.H.Yu, in preparation ]
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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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Naive Dimension Analysis (NDA)

Weinberg power counting on amplitude and NDA for LEC

p2/(47f)> o >< . ><>< . N * . x

i 1 2t AP ,
_J T _ | 2 ) _pr ) _p'm d'¢ 1

ﬁo — 1 TroU'0U = Tr Onom 3f2 Tr[aﬂ', 71'] + ... 'i2.47t o 72 2 X .12.471’ ~ / 2! (k2)2 l4~4”
N p47r4 1 ° p > "
/ Curved field space T (47r)21 8(Aysp/#") nguw"za'z*a..za,z |

\ Loop ractor

- i P
£=Nf|—Tra,Ulor + — (Tr(8,Ut8"U))" + - A~ 4 o

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

Weinberg PC

- NV -?—- N, _é- Na ¢ ((/) 1 Ny [i] N!’ [:l_/-] Ny - )\ 1 N _D=2—|—2N=2+2(L—|—Z d;Z‘/d)
1ol Lval el las | d

124’

> | Q

V= # vertices with d derivatives

I = # internal lines

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



Building Blocks

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

_ |ud) 0 gy O\ uw) 0 \(p " O \/ P 1 -1
U(T) = w2(I1) — g U(L)gh, twy, =i [u—i‘ (0, —iry)u—wu (0, —1il,) 'u.T]

uu—>buﬂf)_1 B—-shBht

External source X = 2By(s + ip) External source
B SR ,T,
Iﬁ, = O,y — Oyry — BTy, 1) Xi — UWXU Luxu
_ - __ ., £L 1
f,ﬁ, 8 by a’/lﬂ- - z[lﬂ,l,,] ;u/ o fpz/ T - qu fp,z/
Covariant derivative and chiral connection Covariant derivative and chiral connection
. . 1
D,X=8,X—ir,X+iX1, _ - [ _ _ ]
z / z / D,X=0,X+1,,X]| Ly 9 (Op —irp) u+u (9, — ily) u
1 1
Dy DA = 7 [l ], A - 5 [ ;,,‘A]
[HY — THTY — TVTH — [1—\;1.: 1—-1/] _ %[u;z’uu] . éfiv

U,Du,x, [, U, Uf

pv
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Redundancies

Equation of motion (field redefinition)

. gi (N D", TN) — 0,
iy DN = (M — =—=~v’v'u,)N, i ga -
DH# Uy = 0, 2 ga (N D N) = (N(M — 7’7"0’7'““#)*N) ;
—iD,N N (M — Z=2A°4F _ . _ : _
oot Bl 3 Y V). (NP D uN) = (N9 (M = ZPyu,)N)

Integration by part (momentum conservation)
DM1DH2 | DFA(NTIIN) — (NTD* D2 ., DMTIN),
Ferz identity (Schouten identity)
(N T1a8NY) (NPT ANP) = (N T35 N°) (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).

10 Jiang-Hao Yu (ITP-CAS)



Operator as Spinor Young Tensor

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

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
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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} 1(1/114
212125/,
415

ps—>[l
A(l,...,N,s) {

|
2

|
2

- |

-

T(a+ ¢(p), B) =

Adler Zero condition [ Adler, 1965 ]

p — 0
_F“Ru(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

3(4\f)(

[—

o |-

|

—

SO =

d N

. N

Pr — 0) Z K/ilBl( :
=1

[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:%2+%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

[ Jiang, Ge,Wang, 2014 ] PRSI [ Oller,Verbeni, Prades, 2006 1]
CP-odd [ Frink, Meisner, 2006 ]
[ Bijnens, Hermansson,Wang, 2018 ] p4 order [ Jiang, Chen, Liu, 2017 7

[ Li, Sun, Tang, J.H.Yu, 2404.14152 ] p5 order

CP-odd

[ Song, Sun, J.H.Yu, 2405.15047 ]
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Classifying Operators by CP

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

SO(4) x {1,P} =0(4).= SO(4) L1 O_(4)

g e Al

Hilbert series

i f( dp(9)

PE(¢X r, (D: 90t pty )

(L pl ( 7g{c:i:p-_*:}))
Group Branch SO(4) O (4)
integral variable a. =a=(a),a2) a =a
reparametrization O~ = a— = (a1,1)
Haar measure dp._g-()(d}(ﬂ.) d;l._gp,:z:,(ﬂ. )
Group Branch (1) _(1)
integral variable Ty =2 r_ =2
reparametrization T.=2 FT_=2z
Haar measure A1y () dityrny ()
Group Branch SU(2) SU_(2)
integral variable Yy =y y =y
reparametrization Yo =y Yy =y
Haar measure dpsy) () dpsis i (¥)

Group Branch

SU(N) SU_(N = 2k)

SU_(N = 2k + 1)

integral variable

reparametrization

2 = (21 .y ZN)

z- = (21, 21)

Zp =2 7 = (V2L o /70 1/ /20

z2- = (Zla aszs zk}

e IVZD) | 2o = (ZLa ey /%0 L 1\ Zis ooy 1/ /71)

Haar measure

dpsiing(2) Aok (2-)

dprgpiar (2-)

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

[ Sun,Wang, Yu, in préparation ]

10°

2064586
1

63508 .

20129

—
o
>

Operator Number

100 —

l i 1 1 x X 1 1 i X 1 x i 3 1 1 | 1 : 1
2 3 4 5 B 7 8

Chiral dimenssion
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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)

21

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 ]

[ Fordi, Schmitz, J.H.Yu, 2010 ]
[ J.H.Yu, 2016,2017 ]

[ Li, Xu, J.H.Yu, Zhu, 2019 ]
[ Xu, J.H.Yu, Zhu, 2020 ]
20 [ Qi,J.H.Yu, Zhu, 2020 ]



A MODEL OF LEPTONS*

Steven Weinbergt
Laboratory for Nuclear Science and Physics Department,
Massachusetts Institute of Technology, Cambridge, Massachusetis
(Received 17 October 1967)

Weinberg’s Standard Model

Electroweak unification inspired by QCD chiral dynamics

S

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. T'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

> = (8%, &) =

( (I)n* @-{-

—Pp— PO

Lo — %Tr [(D“Z)TDME] _ %(Tr [ZTE] — ’02)2

-mann-Levi model

v? h\?, 1 m> m?
— —(1+—) (D, UDFU) + = (8,hd"h — m2h?) — —Ln® — L pt
L 1 ( + v) (Dy )t 3 (8,0 mjh*) o o2
A 1 A
Custodial symmetry: > v=1 L2 = My WiWH+ - M; 2,7

Ly = - Tr (DU DY) =
Mw = Mz cosOw = %gv
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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
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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’\’

(,‘jfj = 2 ~

TIT.I
3% 3

Littlewood-Richarson rules

-
o

S,
R

k i
T TITIWL (Ley 0™ Ly, ) (QLeak @, )

1 k
TKZTM~

J

€IJMTJTKWLIHV(LL_Pz'O-)‘ULer)(QLSakaul\QRt

:ra.l

1.al

I _Ik
T 7776k €

i 7],

T ...TL) € spin j

1 +

K 279

\ Gauge Singlet /

SU(2) ~

T2(51J + T[ITI]

3

+ TYTV,
+ 5.

Symmetric highest weight

61.11\' 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 LrrT = ,2’71,2 + ,sz + ,‘2”],4 + .,%5 + 0%6 + ...

Classes Niype Nterm Noperstor
UhD* | 3464040 15 15
[ Weinber'g, 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)
i 2URD? | 6+10+0+0 | 60(80 60ns2  (80m2
[ Appelquist, Bernard, 1980 ] fzﬂ’unx 7040 22E28; 22n; , §28n; 2;
[ Longhitano, 1980, 1981 ] P 12+ 24 +4+8 | 117(160) Lns2(31 — 6ny + 335n;2)  (np2(9 — 2ns + 125n,2))
[ Feruglio, 1993 ] - s S Bous _ Sng MRS 139 (39 +133n,° — 2ny% — 20 + 125n%)
Noperatrs(ng = 1) = 224(295),  Noperatrs(ns = 3) = 7704(11307)

NLO 2-fermion [ Buchalla, Cata, Krause, 2014 ]

-
4

Uhay® — 7 = iyt T U ha?
Don i ={di 7T Tqu)(qu"y’ U'r'Uqp,)Fas " (h)

[ Buchalla, Cata, Krause, 2014 1] Og’f"': = (?Ls"."u’\ATITfILp)(quW'll’\AUTTIUfIEZ)f rﬁh""ﬂ (h),
O = (lns7umlLy) (R T U TUlR,) Fy'Y (),
, [ Pich, Rosell, Santos, Sanz-Cillero, 2015,2018 ] O%f;w“ = (neram Tl )@y T an,) .F,l’(r)’;'”l (h),
i rar OFs" = MU' TULy) @ 2" g ) IS (b),
H Ollzf?p e (iLs’MTITZLP)(qRﬁ'“UTTqufi-z~)f$;g#’4 (h),
[ Sun. Xiao, Yu, 2210.14939 ] Ol = VI ™ (DU )y (T ) (@ FusCr o) Fe (1),
27 O%}Swé = y: s.5a'bcekm5ln((TzRT)me(TQR)mn)(QRgl’szQRt(:l)ffé%w4 (h).
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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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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
ATHL
A
Mapp 1 =_ W, P
I |y, SM
0

29 Jiang-Hao Yu (ITP-CAS)



Higgs as Goldstone Boson

From QCD to composite Higgs to little Higgs

M,
Mpl | Mpl p
. Strong dynamics
QCD Strong dynamics with global symmetry
dimensional with global symmetry
transmutation '
A~ 10 TeV
Aconfine ~ GeV Aconﬁnc ~ TeV
Trot X
s SRR Lns + \Tu Tk
—————— - -\ ] mh et
ez M
: : 6%2 2
2 2 __ 3e® A2 2 6y; 22 m? ~ me
M7H‘ o MTFO o 166;2A Myg — Mky _ Gifk Gg g2 = 167;2[\ 1672
e T-prime!
A < 850 MeV Rho meson! A <500 GeV  Ryled out! i
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Vacuum misalignment

There is no vacuum for pion, how to obtain the Higgs vacuum?

Higgs potential with only boson sector EW symmetry breaking

V(¢) = —asin®(¢/f) + bsin(¢/f)

31 Jiang-Hao Yu (ITP-CAS)



Model Buildings

G/H coset and fermion assignment with symmetries

Little Higgs (2000) Composite Higgs (2004) Neutral Naturalness (2015)

fundamental top partner partial composite top partner Colorless top partner

Littlest Higgs Minimal Composite Higgs

[Arkani-hamed, et.gl. 2000] [Agashe, Contino, Pomarol 2004]
[Foadi, Schmidt, Yu, 2010]

LR Z2 Higgs

Collective symmetry breaking

[Li, Xu, Yu, Zhu, 2019]
Composite Higgs o
Agashe. Contino, Pomarol 2004 Minimal Neutral Naturalness .
A : X, Y Zhu 2018] [Chacko, Goh, Harnik 2006]
b ] 2 bl
G H ¢ Ng Fa = Isu2)xsu(2) (st 21xu)) [Y 2016]

TG SO e To gy : - u,
L 80(6) 80(5) v 5 5=0(1.1] (22 . Mirror Twin Higgs
ST = U SU@; = uny ™ S 20 Ty T

SU(4) Sp(4) v b 5=1(1,1) + (2,2}
.-.:“‘.Q%"f.'e...........3.0.(‘?! ....... b 62 n+(22)
CTHO(E) SO(T) T T=3-1,1)+1(2,2) "
5’:?3';‘5123’(‘#?!?...?.‘3!?{3?‘..L.].{.l.)... o 3222 T Soua 2 20 28 21}" + 24172 ! Minimal neutral naturalness

: y ST ¢ e . My

$0(9) SO(8) « & R 2.(2.2) Twin Higgs [Xu, Yu, Zhu, 2018]

SU4) [SU(2)]* = U(1) v* & (2,2):2=2-(2.2) . .

[SU(3))? SU(3) 8 8 = 1o — 2,12 + 3pChacko, Goh, Harnik 2006]

Spi6) Sp(4) x SU(2) v & (4,2)=2-(2.2)

SU(5) SUM) = U{1) v* & 4 51 4,5=2.(2.2)

'S0(5))° SO(5) v 10 = (1.3) +(3.1) +(2.2)

50(T) 50(5) x U(1) v* 10 100 = (3.1) + (1.3) + (2,2)
e SO ST 2 (2.2,8)=3:0(2.2).........
© O SU() SO(5) vt 14 = (3,3) +(2,2) +(1.1) .
--..Scc.(g}. ---------- SstT---u-v;n1:’:----1-4-:\2-.-(-2:2]..{-I:r::!j;-*--3-.-(|:|‘j-.-

50(6)]* SO(6) 15 15 = (1L,1)+2-(2,2) +(3,1) + (1.3)

SO(9)  SO(5) x SOM) v* 20 (5.4) =(2,2)+ (1+ 3,1+ 3) 392 Jlang-Hao Yu (|TP-CAS)

[ Csaki, et al, 2015]



Effective Field Theory for Composite Higgs

G H C Ng Ty = T30 wsUi3) (rﬁlhﬁbal.\fll}
SO(5) SO(4) v 4 1-(2,2)
SO(6) SO(5) v 5 5= (1,1)-(2.2)
SU(3) x U(1) SU(2) x U(1) 5 2412 + 1
SU(4) Spid) v 5 5—(1.1)~(2.2)
SO(7) SO6) v 6 6 2-(1,1)+(2.2)
SO(8) SO(T) v T 7—3-(1,1)+(2,2)
I SU4) x U{1) SU{3) x U(1) T 3133413 +1o—3-1o+ 24152
S i i SO(7) G T 7T=1(1.3)—-1(2.2)
— G/H with composite states 50(0) 80(R) 8 8=12.(2.2)
SU{4)  [SU(2))* x U(1) N (2,2)42=2-(2,2)
I [SU[-'S}]Z SU(3) 8 8=1o0— 2412+ 30
. Sp(6]  Sp(4) x SU(2) 8 (4.2) =2 (2,2)
Integrate out heavy composite states SU(B)  SUM) x U(1) 5 4.5 +d5=2-(2.2)

[SO(5))2 80(5) 10 = (1,3) — (3.1) + (2.2)
S0(7) SO(5) % L(1) 100 = (3.1) +(1,3) - (2.2)
: SR} (2.2.3)=3.(2,2)

. 14 =2-(2,2)+{1.3)+3-(1.1)
[SO(6)]* 3O(6) "t 15 15=(1,1)+2-(2,2)=(3.1) +(1.3)
SO(9) 20 (5,4)=1(2,2)+{1-3,1+3)

G/H

triplet, doublet
usually heavy

Integrate out heavy PNGB other than the Higgs

If all other PNGB heavy If one light PNGB (singlet) If one light PNGB (multiplet)

SO(5)/SO(4) EFT SO(6)/SO(5) EFT

EW chiral Lagrangian

[Qi, Yu, Zhu, 2019]
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Effective Lagrangian

Composite Higgs Left-Right Z2 Twin Higgs Minimal NN Composite Higgs Left-Right Z2 Twin Higgs Minimal NN

N / - N / g

e [Li, Xu, Yu, Zhu, 2019] )
1 ) ) = t,.911,, (p* t ppll Ntp — (.11 i h.c.
LD E(p.,.)m, (Io(g®)Tr(A,A,) + 11, (¢*)8A,A,57) Leg = ol (p*)tr, + tpplly (p*)tr — (0111, (0% )R + hc.)

MMy, (—Q%) = Moy (— Q%) + Ty, (— Q%) 87 + My (—Q%) s, + - - -

Coleman-Weinberg effective potential

0~ '0
m Pn S .
ANNNe——— = XN\ t \ \ Y/ v
or ; rop - S 5 3 ot
W, Z boson W, Z boson 2.k “A tL/ AL trf Nt TN N
+ A OO S O N O o) (O
- TNy T T P S
: A L tn AN
Heavy composite states a . v

b ON, [V
T 1672 ),

A |
N .. R
s L4
W, Z bosan W, Z boson * o ) ,1
top top - _’}"fSh + .BfSh + o

dQQQZIOg[HtL HtR ) Q2 + 117 ]

tLtr

Generalized Lagrangian

EW Chiral Lagrangian

Higgs nonlinearity

Lo = trp, (0°)tr + trplly, (")t — (E01Liep(p%)tR + hoc.)

o M e Shape of Higgs potential
Cg = 0 [llo I1 (0)] ) 1
) a<h>622 g1ty Ct =V 3(’1,) log HtLtR(O) |
1 5 2 3
Coght = —V° oh)? [Elog IL, ¢, (0)] o = 'Uz 1 & 1512;:‘5‘2(0) S
; o ;
[Li, Xu, Yu, Zhu, 2019]

-0 F
6,2 U4 0.5 0.3 1.0

[Agrawal, Saha, Xu, Yu, Yuan, 2019]
34 Cy
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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 préeparation ]
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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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Why chiral nuclear force?

Meson Exchange Model

L,=Np, il N +Ng i) Ng — gNp £ Ni, — gN;, S Ny, L =9 (iD— mn + Lgavuvsut) ¥

l l \ \

Chiral EFT

EY n ' Y a n_ n ' Y n.
: g 3 4 *ee + )XU 4 wee

N N N N

?
2

= ( w0 u+ub,u’ =0, +
1 ' A 2 2 D"‘ ‘)P + [ 1 [ o
+ (0, 2T) — ﬁ((212} — 20%)

Chiral Ward Identity

T X 7+ ﬁ('rr“)

Y= (v+ S)U(p) / . _ ! ‘ : :
(Wi SUP) < p(p') ‘8”3?#.|n(P) >=1y (p) (494 () + Tha(q))vsun(p)
p =uNy, ®r=u'Ng, U=u’
M?*F,

- M2,_ q2 InNNUp (pl)'YSun (p)
2 g 2
£=— (1 + ;) (w0
PO+ TN+ P A gl + S)Fy | ImwN = 1340 Mng4(0) = Fr uwn 9a= 127
1 L Goldberger-Treiman Relation

Modeling onl A=1 my=gv=g.nnEr . L. .
9 y Jg Perturbative derivative expansion
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Chiral Nuclear Force

Meson Exchange Model

L,=NriD N;, +Ng iD Np — gNr X Ni, — gN; & Ny

Chiral EFT

Y (iD— mn + Lgavuysut)

1
£ =

e MaT
. )2)1"8} mar (T

500

l]llll IIT]IIIT

Cc

-500

Internucleon potential (MeV)

|| ‘ 2 _B- 9 l

o .
~
TN
-

/// multiple GB )
i exchange (ChPT)

-1000

SO S

I
Separation (fm)

-

>< >< X SAS)



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
39 Jiang-Hao Yu (ITP-CAS)



Pionless effective field theory

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

P Infrared enhancement!
G —Co 4»rM M (J *Ca iff —Clyp?
Effective Range Expansion 1 1 1 1, 2\"
’ g .A=47T : . pcot5=——+§'r0p2+...=__+§A2Zr (%)
Otot — Ama? as p — 0. MpCOt(s B a a n=0

1/m; ~ 1.4 fm ag ~ —23.7 fm

Natural scattering length la| < 1/A Unnatural scattering length a| > 1/A
Weinberg, 19¢ Kaplan, Savage, Wise 1998

Expansion converge up top~ A Expansion breaking when p~ 1/|a|, far below A. .oy 10, t6 all orders

Ara 1 . - _47 1 . ro/2 o (ro/2)*
A== M [1—zap+ (:a70—a2) p2+O(p3/A3_)] A= M (1/a + ip) {l | (1/a+2p)p | (1/a+ipi)2p L
~ ZOA”' A~ O") =A1+) A, A, ~ O(p")
n— n=>0
Op’) Cy~ dma/M Irrelevant Olp™') Cp~4an/MQ Relevant
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Chiral effective field theory

. . 1 _
Weinberg power counting  u#=2+2(-r+ ) V; (di + 5 - z) [ Weinberg, 1990 ]
2
2PR Diagrams
— Dim = 2(1-2+2/2) = 0
|
i Vi "%)261-6’&‘2'6# S o1 : 7 | g1\’ Q A 2
1T — (ZFW/ q2 + AI“:‘: T = T2 ( ) | | ~ Fﬂ. Aa\r}\r Al\'_lr . > m ~ f"r
7 : GgAMN
- diq 1 1 1 1
T ~
Irreducible Dim = 2+2-2+2(1-2+2/2) = 2 (27)? ° +1e —@° +ie (g+ k)* +ie (¢ — k)* + e
—_— 7
7\ \\ ll nucleon pole Pinch singularity
/I \
_._‘_ +
-~ d'q 1 1 1 1
J (2r)d _%?i_z-c _qu%;ﬁﬂﬁ (g + p)* +ie (g — p)® + ie
~ < 7
/N S ' Q3 2M N 2 )2 3 2
N s 2 Ja . myQ 8 gy @
. A 6.2 (27) 2 rie mN enhancement o % =0 * g gy
\n 7 , :
1. calculate nuclear potential from irreducible diagrams 2. Truncated nuclear potential is iterated to all order
inch diagrams subtracted =) — : L
P g & — + . +~ 0+

Solve Schrodinger equation
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Power counting schemes

Complicated due to non-perturbative natures and renormalization problems

‘/LO ~ O(l), ‘/NLO "y O(pz)

Weinberg \Vﬂill}‘ltn‘g

[i.e. scaling of Cz2, according to NDA (~ O(1))]

+ i i |
>®< Renormalization problem!

Vkl.é)w ~ O(p 1), ‘G?SI{;? ~ O(1)
[i.e. scaling of Czn as Can ~ O(p' )]
Pion are perturbative

@ L -
P >< i /)r\%\ ; n 2>O< Converge problem!

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

Weinberg Scheme

KSW Scheme

B : : ~ ~ N &
Vr(p,p) = fhm - P2 1 G, 4 G, VAP (p, p) = WP O(p,p) + (Con, + Con)or’ Solve both but why?
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High precision nuclear force

1990 2N LO

S. Weinberg, PLB1990, NPB19S0

NLO(Q?) | .o

U. Van Kolck et al, PLB1992, PRL1994 3N F
N. Kaiser et al, NPA1997 '

_________________________________________________________________________________________________________________________

1994 3N LO

1997 2N NLO

2000 2N N2LO

U. Van Kolck et al, PRC1994 } ? ANF
E. Epelbaum et al, NPA1998,2000

____________________________________________________________________________________________________________________________________________________

I
I |
- . » I - - - - + - -
5\ s e 5 ' ~
LW - - - - ' - i\
® - . I ~ 5
. - | ? - .
8 ‘s - - e I _\.\ ; ’ |
v » - ' - ’ \
-, ~ - v + | »® " + '
L L - - e ' g
| '
1 !
|

2003 2N N3LO

2007 3N N°LO

R. Machleidt et al. PRC2003 ; S. Ishikwas et al. PRC2007 ; e Enelb EPIA2007
E. Epelbaum et al. NPA2005 : V. Bernard et al. PRC2007 T ol L
______________________________________ el ot L R R K ittt S R O 2015 2N N%LO
sioinsy || el ] A 3 >< >< :
N*LO(Q”) B i s bt L Viaw [ from L. S. Geng'’s slides ]
| R. Machleidt et al. PRC2015 H. Krebs et al, PRC2012,2013 S5NF
E. Epelbaum et al. PRL2015 NOT COMPLETE | _
.................................................................................... R e R N A L Weinberg scheme
.\ .- AL s ! -1y <<} e ]--
5 6 :0: ‘:0:1 1 o )Z;: Y e i o ,’ “ l”\ L .
N LO(Q ) X" " . \,(_, :4"\: + . . “‘\‘ 1 + roo + i 1 [Entem, MaChIeldt, NOSYk, 2020]
i g e +.ll

R. Machleidt et al. PRC2015
NOT COMPLETE 43 Jiang-Hao Yu (ITP-CAS)



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 ]
T | S | - 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° -
7 these construction rules straightforwardly to six-baryon
173086 -/.// contact terms, we end up with a (largely) overcomplete
//./ j set of terms for the leading covariant Lagrangian:
-~

/ 20292 -

-
=
N

Operator Number

100 —

[ Sun,Wang, Yu, in preparation ]

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

Chiral dimenssion
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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 ]
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He Hoitls FH A A
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R
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CPV BSM dynamics involving
new particles with Mgsm ~ A

Jiang-Hao Yu (ITP-CAS)



Ab Initio nuclear structure

Effective Hamiltonians and consistent currents Accurate nuclear many-body methods

Yu (ITP-CAS)



Neutrinoless double beta decay

Operators at different level

Standard model effective field theory up to dim-9

EW scale
Low energy effective field theory up to dim-9

Aqcp
Pure meson with lepton Meson-nucleon with Nucleon-nucleon with
source lepton source lepton source

n

P n P

MeV scale
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Low energy probe of high energy physics

weak currents of nuclear processes (intensity frontier)

NP Scale

EW scale

Aqcp

MeV scale

Incoming neutrinc

Outgning neutring

Recoiling nucleus

Energy frontier

high energy, high cost!

Intensity frontier

high intensity, low cost!

Flavor physics: pion, kaon, bottom, ...
Rare process: cLFV, mu-e conversion, ...

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

48
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Axion Effective Field Theory

[ Huayang Song, Hao Sun, J.H.Yu, 2305.16770 ]
[ Huayang Song, Hao Sun, J.H.Yu, 2306.05999 ]
[ Hao Sun, J.H.Yu, in preparation ]
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U(1)A Problem PHYSICALREVIEW D

Highlights Recent Accepted Collections Authors FReferees Search Press About

Where is the 9th Goldstone boson? Eta-prime? The U probien

U(F) x U(F) = SU(F)y x SU(F)a x UL)y x U(1)4 P —

Chiral condensate 2

Adealed anglysis of e problerss €330cieled vath tha corseryad 1) axial-veclor curent i quark-
qaon madals is prazantad. It is shown that 2uch maodals invalya A light scacalar preudassalar nosan,

S z } F >< l J 1 with £ me3ss keas than 3m, . The axistence of this boson wol 4 produse & strong off-she!| var aticrn in
‘f ‘/ the # — 8= watax eerant, thos mvalidatng the vsoal canclusaons ahout the rate &nd anergy

dependence of this cecay. Following Kogut and Sugskind, it is propesed 1hal the light Goldstene
ooson 3 actuelly a dipole, with positive- and negative-metr o parts, which cencel in matrix elemants of

Q u a r k m a SS U( 1 ) C SLT(F) guon-gauge-wvanant aneratars but not in oparators such as tha L) aurent. s shown that the
ELI V masses ¢ t7e cbeervatle ssewdosca ar bosons and tre i decay rate are then [ust as taey vwould be in

a theory without the L 1) symmatry. end in feir sgraement with axpariment. The apolicet on of current
algeora o theanas with ch@rmead qusqks 5 bnelly discasssad.

U( 1 ) F Feceived 10 March 1375

DOIL https/colog U110 PhysRevl 11 3583

Under the chiral transformation, path integral measure changes and the Lagrangian becomes

2
- . _ . . . g 18 a a
e, ey yp o Oy, g — e yy a=0 L= L+ Boo—e" "y, Fyy

Chiral Anomaly U(1)A Anomaly

U(l)?;gED x U(1)0 ; o

U(l)éED x U(1)4 3“.]2” = N, 1; 5 tr(7Q2) FWFW
7/

U(1)» C SU(F)a

SU(3)%, . x SU(F),4 g

color 7 .
SUB),, x UQ), O Jow = —ilNy

1672 Gz VG” Y

Total derivative absorbed to current Non-vanishing total derivative due to instanton
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Instanton and ’t Hooft Lagrangian

Under the QCD vacuum |8) = e ™|n)  the Lagrangian becomes

1 a ajiv T 92 a Y
‘CA;TZ) TG G;WG H+ 1/)1 (ID - M’&J)wj + 6 39,2 G/,wG :
What is an instanton? Lo
Configuration localized in Euclidean space and time

Tunnelling between different vacua * *
Integrating out instanton induces the following fermion path integral

[ DAY DD [exp(—Say — JPip)] > e 5/ / Dy DY [exp(—So.p — JPy)] - det [$hg(z)3r ()]

Fermion integral in an instanton bg Fermion integral without gauge bg, but determinant

Sum over all (anti-)instantons, obtain the 't Hooft effective Lagrangian

SR SL

Lest = k[e” det ¥y (z)Pg () + e det Yr () Py, ()]
P — e, PYr — e Vg i d,

0 — 0+ 2Nf,8
51 Jiang-Hao Yu (ITP-CAS)



Spurion Transformation
The U(1)A relevant Lagrangian

Ny
_ - 1 - _ _ _ . _ .
LD — Z 2pj'mfjel%’ys Yj = Otr F,, F uv Y, (mielaw )¢i = P;r (mie )i, + Y, (M) Pir
j=1
Chiral transformation Spurion transformation
1,0 s eiﬂ'yg,,l/) wL _ e+iﬂ¢L + mjeiajﬂy5 . mjei(aj_26)75
b — PP Pr — e Py 0 — 0 — 2N

Choose the phase £=0a/2 making the Dirac mass phase real, obtain the rephasing invariant
0 — 9—|—Zai =0+ Argdet M =0
i

If argdet M = 0, 6 phase can always be rotated away
Massless u quark

Theta phase induces physical effects!

52 Jiang-Hao Yu (ITP-CAS)



Chiral Lagrangian

Chiral Lagrangian for SU(3)L x SU(3)R x U(1)A, invariant under spurion transformation

0 — 0+ 2N
2 .
L= *’; [(a U)TB“U] +aAf2(Tr[MQU] + hec.) + bA®f7 (e detU + h.c.)
U(x) = et gim T
—2bA* f7 cos(6 — Ny ) N = ’ —;\ikw
U(x) ~ ei% g™ Mg = e"m,
N; -
Vi = _aAfz /Ny Tr(mqem ) + h.c. —2aAf7§;mi COS(]sf tf?‘l"?)

Vinin = —2|a|Af; \/mi + m2 + 2m,mgcos 6
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EDM in Chiral Lagrangian

Pion-Nucleon Lagrangian
L=-myNU'N¢— ¢, NMN® — c;NUTMTUTN® — %(gA — 1)[N1¢*U8,U'N + N“16"U'9,UN*]

CP-violating L=—0 "t peNrane — IATN pajpaye = W e — ¢ +cy ~ 17
I Ir My + My
(\SQ 7
gz o eg 1 A~ A 2
JAGHH DB T o0 efgacip, A ~167
S ~ mzpz w@EE I givsulp) M wen Soa T e
n e n

P/CP symmetry

Massless up quark Axion

UV
j 6=0 is a BC assoc. P/CP.

Preserved in IR via fs << 1 in SM
Nelson-Barr, Parity models

little IR trace

sensitive to new BSM phases,
how P/CP are broken

rotate away theta IR:

0 is relaxed in the infrared.
Oq — Bq + 2« :

0 0+ % | Peccei-Quinn (axion),
h m,=0 (eta prime)*

;‘Lie-nsitive to UV symmetry-breaking |

q—>ei7"5aq — {

} .
n is the axion

Ruled out!
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PQ Symmetry and Axion

VOLUME 40, NUMBER 4 PHYSICAL REVIEW LETTERS

23 JANUARY 1978

The U(1)A symmetry for chiral quarks

A New Light Boson?

a
v

g’ -~
O J5, = —iN;——G2,G

1 2l 7/

Steven Weinberg
16 Lyman Labovatory of Physics, Harvavd Universily, Cambvidge, Massachusetts 02138
T (Received 6 December 1977)

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

Ind UCeS Theta phase and eta'prl me of instantons, would lead to a neutral pseudoscalar boson, the “axion,” with mass rough-

ly of order 100 keV to 1 MeV. Experimental implications are discussed.

Theta becomes dynamical dof by introducing additional U(1)PQ

1.Goldstone of global U(1)PQ breaking
U(1)PQ axion particle
2. U(1)PQ are anomalous under QCD

2 2
gs = € =
8“J5Q = NpQ = GG + EPQ o2 FF

Under PQ symmetry, again the spurion analysis

a—)a—l—gofa, 9—)9—NPQQO ED(NPQ%‘FH)H:QGG
a T

50

.
- 2
- -
- v
- ’ . ‘. - 4
N
» \.‘ . . -
Yo S -\.’
» v W
» e -
» - P g
» .;b_'z‘ : :
y W Ap - ' {
' .:, 4. snklly
LY 3 o N '
' A A
. 'I )
- . a
X y
. ) £
— L
7 Y i ‘l'
. . I
1 .

[ Weinberg 1933 - 2021 ]
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KSVZ and DFSZ Axion

Consider UV setup, the PQ transformation with the spurion

KSVZ: SM are PQ neutral
o— e%o

(@, Q) — e ™*(Q,Q°)
Lxsvz D —mgéLQReia/v“ + h.c.

Qr, — €% 9, Qp — e "2 Qp

Q. a ~ a FE a -
oL = — —GG A FF
KSVZ ™ 8r 1, 8t N £,

Integrate out Q
No kinetic term
sM
Q.Q
-C-l--- Q.Q a

DFSZ: SM are PQ charged
o— e“o

Hu,d — e u,d

/2
Ysm — € apgy

Spurion transformation

a— a+af,
9—)9—NPQO{

Lprsza D —’I’I’LU’L_I,L’LLR(i’M:‘I’r""a — ’rnDCILdRBZXHdE — mEéLeReZXHda + h.c.

u— e gy d—e PManed, e — e Pt e
s a4 ~ a ( B\ a _ -
0Lprsz 1 = — —GG A FF
P 8mfa T B (N) Jo
. o.a
6(widu) = Xn, - —uy"Y5u
20,
_ o,a -
§(dibd) = Xy, 5 —d"15d
6 a /’ ' s\ ol
e _ 0 "
gc,v"vsq ol ®
2fa \\ © o '7111
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Instanton Analysis

Below scale f, take Georgi-Kaplan-Randall basis (only axion transform under U(1)PQ, other invariant)

1
2

0.0

- 1
”a('? a

ke 912’—1 (Z( ) Apv 1A
ico($" D4 — 9DH6°) + eylay| +cagyhy T A ES, o

U

fa WZ'W,B )

Instanton diagrams, where a is a spurion of the theta parameter

ms A2

ei(cg ez )@

mal\®

+  O(m?A*?)

X 6—i9—NPQa/f

—'iC.39

e
— Det(qrqr) + h.c.

KBJVf

Laey = =2 Yics6(—1)N7

Laer = (—1)NF K5 ((’EL’U,R><d_LdR><§LSR>€i(28’?'_639) + - -+ + flavor singlet constraint) + h.c

[ = _mu<’aLuR> i[(0r 46, )+cy 6] _ md<ngR>ei[(—9ﬂ+9n/)-+-cg¢9] +he.

9
V = m‘ufus COS (67, —+ 0.,11) -4 mdv3 COS (—9'” + 97,/) + ;;,— COS (297;’ — (Cg T Cf?i + 63)9)

2.6 ,
A cos (—0r + O — (¢4 + 5 + ¢3)0) + ma AI‘?

+17, cos (Ox + 0,y — (i + c§ +¢3)0)

of Jiang-Hao Yu (ITP-CAS)



Chiral Lagrangian with Axion
Chiral Lagrangian for SU(3)L x SU(3)R x U(1)A again + axion currents

f2
4

| o0Ma 1

L= 2f, 2

[(8 U)"B“U] + aAf2(Tr[MoU] + h.c.) + bA® f? ( 0+iNpaa/J et U + h.c. ) Trlc,o]J;

Jo = % fiTr|o*(UDU'-U'D,U)]

s/ A .
Vi(n',a,m7) = —2aA’f2 ) %cos (n’ 0, tZﬂ'J) — 2bA* f7 cos(8 — Ny’ + Npqa)

'r]’ _ 0 + NPQ a
Ny
F —
m; v + CZNPQ .
Vo, = —2aA*f? Z —COS -t
¢
1=1 A Nf
9 ) ~22Fmi aNpQ -_.2
@=-q= ()=0 w3 (2522 + )
2 2
, dmymg . 2 _ y Ji mumyg — N2 a2 Iz My Mg
V(a) - —mfrfg\/l — (m T ) Sln?(Qfa) Ma ZQANPQ (;? m, + my NPQm’“ 3 (mu +'m-d)2
u d '

Depending on quark mass
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Axion EFT Operators

Adler zero conditions for axion

AslaVV] = Cloyy—

aVVf_ (1 2:’2 . [12]2)

c1 ((12) — [12])

/44 _
e1—2 8, Py st
g’U

Axion - Nucleon chiral Lagrangian

_ —cq Oua _
EN:NU“BuN+ZgACu NSt

2

2fa

[ Song, Sun, J.H.Yu, 2305.16770 ]

997 1 pur | 90N o i 9pe o /- t - N
Lint — _%(pfﬁwﬁl‘” T 2(;) T()uc")(j\( ’Y“’YS*N’) T 2:’; 0;&’(5’)’”’7’56) - 5.(]d(;)‘f\r0'“,,’}'51\ FH

N + 2g

‘C

Real

Class Type Axion Majoron
B?s sBr.,., Br"” v
F?o W?s swil Wi V
G% s sGA G N
ecHLs sH (ecpLyry) ¥
22 d-H'Qs sHY (dep” Qras) ¥
HQu.s e sH;(Qp, ter®) v
D2 D2HH'S? (D,s)(D*s)H;HT' v
S DBu.uls (.D,s')BL.”’”(.u “cr' ul,;) v
DFp o : ; : —— L e
DBrQQ"s (Dys)Br (Qp,0uQ"y ) v
Dd.L*uls g : ; 3| GE
e (D#s)(dep® Lri) (Lsjopuly,) v v

Majoron, Goldstone for LNV, leading order at dim-8

udcu+cd Bﬂa—
NSHEN + ...
5 NSHN +
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Explicit PQ Breaking

Axion becomes pseudo-Goldstone due to explicit PQ breaking

UV breaking SM CPV Effective
gravity Yukawa Operators

Instanton
effects

't Hooft eff. Lag Axion quality problem CKM phase Increase axion mass Higher dim Op
V o~ 282 4 ¢" y:, e V(a) = 2f‘j’cos( ) ZA;"cos(n' -I-a) i
| M'n—4 ' f -°
pl
dmZ A}
V2 cos(i + ¢) m:  mif? .
Ja AF
fa ( @ ) 2 .
V v ———cos| — + ¢n sv _ GF 172 -19 Heavy axion
n—4 , 7} ~ Jox Az ~ 10 n
Myt o\ it~ oz S0y Y (0|7 (FF(2)) Ocev(0)|0)
New QCD
Enhanced symmet Flavor connection .
U Yn Y v Partially broken CPV Op
B ~ |(azu) | exp(i(8 + 6,)) 1. Discrete gauge flavion ) om? ot (A \! o 100TeV Y’
drdp = |{drdr)| exp(i(—6 + 6y)) off = i m? - N( BSM) ~ 1 ( Apsm )
spom = |(8z8n)] exp(i0y) 2. Composite dynamics axiflavon
Multi-axion New CPV effects
spurion analysis 3. Extra dimension Majoron-axion

[ Hu, Jiang, Li, Xiao, Yu, 2009.01452 ]

V(a) = 2fzcos(f )
) [ Sun,Wang, Yu, in progress ]
Jiang-Hao Yu (ITP-CAS)



[ Georgi, Kaplan, Randall, 1986 ]
[ Bauer, Neubert, Renner, Schiauble, Thamm, 2021]
[ Dekens, de Vries, Shain, 2022 |
[ D1 Luzio, Levati, Paradisi, 2023 |
[ Vonk, Guo, Meissner, 2021 |

Axion effective field theories

From high scale models to low scale descriptions

/s Wsm

/ s\ Yy’
DFSZ, KSVZ, ... e )
X ki
\ 1
NP Scale
8“01 _ i 1_. a . g%r (1% ~
ZCWP’Y Y Zc¢,¢ 10, | + — ZCV—zFV Fyvuu
2fa \ 5 3 fa 57 32x
EW scale 0 g N - ) - N
CeG -4_71' ? Gf‘u G* Cww E ? M;‘ﬁ/ ‘,ij’A + CB é?r. } Bﬂu B*".
™Mw Py
a - s A H,a Q1 a ~ LV
— ) e +cge——=G* G +cy——=F,F .
f EF:.F F’)’;AL’F GG47rf pv 67‘/471_]( pv
Aqcp 12 | ; Pl -
CXPT . [ Tr (D*U) D*U) + 2By Tr (UM] + MU 4 s 7 , T [cqo® ] T,
? }
Ti =5 R Tele"(UDUY = U'D,U)] DU = 9,U +ieA,[Q,U]
MeV scale ... 2

('.') (b . 1 2 Il ' 1 . !
Lt = 5 [2 Tr(Yv 1) (ia)n + 5 Te(¥) ()R + 2 Tr(YaTe) (4 )n + 5 Tr(Ya) (Ji{)n]

4

Axion probes at low energy

o1

Qa,pu 1 - L a a \ L a a
G3")n = 3N [e7°€! - 1T €] N, + ZAN s [eT7¢! + €'T7¢] N,
«a l \ 7 a \ ] a a
Go")n = =5 No” [67°€" + €'T°¢| N, — 22Ny [e77€" - €T N, ,

() = 5N [€6" — €16 N, + LAN 7 [e€! +€1¢] N,

(#)n = —3 N [e€! +€1€] N, — LAN, 1y, [e€" — €e] N, .

TP-CAS)
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Summary

- Reuvisit tower of EFTs based on Young tensor and Adler zero/spurion technique

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

o4

[ 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!



