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Why, What and How EFT?



Why New Physics?

There are experimental challenges in the standard model and theoretical motivation for new physics

experimental challenges

theoretical motivation
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Where New Physics?

ATLAS SUSY Searches* - 95% CL Lower Limits

March 2021
Model Signature  [£dr[fb™] Mass limit

. L] L L] L) L] L] L] L] I L] L] L] L] L
3, Gt 0e.u 2-6 jets E?E.lfsﬁ 139 1.85 m(¥})<400 Ge
mono-jet  1-3jets EMS 361 G [8x Degen.] 0.9 m(@G)-m(¥})=5 Ge
Qe 2-6jets EMS 139 |z 23 m(t)=0 Ge
z Forbidden 1.15-1.95 m(¥})=1000 Ge
1ep 2-6 jets 139 | % 2.2 m(¥})<600 Ge
ee, jij 2jets  EPS 36.1 z 1.2 m(Z)-m(¥}])=50 Ge
Oeu  7-11jets Eps 139 |z 1.97 m(¥}) <600 Ge
SSe,u 6 jets 139 g 1.15 m(g)-m(¥;)=200 Ge
0-1 e, 3b  EPFS 798 |2 2.25 m(¥})<200 Ge
SSe,u 6 jets 139 |z 1.25 m(z)-m(¥})=300 Ge
e 2b  EP™ 139 | 1.255 m(¥})<400 Ge
by 0.68 10 GeV<Am(b, X1)<20 Ge
biby, by—b¥S — bhY) Oe,u 6b  EM 139 | B, Forbidden 0.23-1.35 Am(¥3,%1)=130 GeV, m(¥?)=100 Ge
27 2b EP™ 139 | by 0.13-0.85 Am(¥3,¥1)=130 GeV, m(¥})=0 Ge
iy, it 0-1e.p >ljet EMS 139 |7 1.25 m(¥))=1 Ge
71y, i Wb Teu  BjetsNb EF™ 139 | § Forbidden ~— 0.65 m(¥?)=500 Ge
iify, h—>Tbv, 111G 127 2jets b EMS 139 |7 Forbidden 1.4 m(7,)=800 G
fify, ok 88, Eoch) Oe,p 2¢  EF™ 361 |@ 0.85 m(i})=0Ge
Oe,u  monojet EMs 139 |7 0.55 m(f}.2)-m(¥)=5 Ge
iy, i1, Y9—Z/ht) 1-2e,u 1-4b  EFS 139 |7 0.067-1.18 m(3)=500 Ge
b, h—i) +Z e, 1bh ET™ 139 i Forbidden 0.86 m(¥})=360 GeV, m(f,)-m(¥} )= 40 Ge
FEYS viawz eu B 139 LER 0.64 m(e?):
ee, i >1ljet EM 139 i,;/if 0.205 M7 )-m(¥1)=5 Ge
XX} viaww 2e.p EMs 139 | Xf 0.42 m(¥}):
XX via Wh O-leu  2b2y EMS 139 | ¥4y  Forbidden 0.74 m(t})=70 Ge
XiX1 vial, /v 2e,p EF™ 139 | XY 1.0 m(Z,7)=0.5(m(¥} ) +m(¥}
S 27 Eps1a9 |7 (L) IENOHG0E] 0.12-0.39 ey
fLrlLg, I>E0) 2eu Ojets ~ Ex™ 139 |7 0.7 m():
ee, uu >1ljet EMs 439 |7 0.256 m(?)-m(¥})=10 Ge
AH, H—hG/ZG Oe.p >3b  EPY 364 | A 0.13-0.23 0.29-0.88 BR(Y| — hG):
dep Ojets  EF™ 139 a 0.55 BR@\?‘,’ - ZG):
Direct Y1 X; prod., long-lived X Disapp. trk  1jet  EFS 139 | i} 0.66 Pure Wil
X, 0.21 Pure higgsil

Stable g R-hadron Multiple 36.1 g 2.0
Metastable  R-hadron, 3—qg¥ Muliple 361  [ENEE@SORO2HI20s) 2.4 m(¥)=100 Ge
o, (-G Displ. lep EF™ 139 | &h 0.7 w(?)=0.11
T 0.34 (0)=0.11
XX - ze—eee Beu o139 Pure Wi
TR IR - wwyzeeeevy 4ep Ojets  Efs 139 1.55 m(t})=200 Ge
28 39401 X1 - g 45 large-R jets 36.1 1.9 Large 4,
i, it X — 1bs Multiple 36.1 m(¥})=200 GeV, bino-i
if, i>bX1, X1 — bbs > 4b 139 Forbidden m(¥})=500 Ge

i1, 7y —bs 2jets +2b 36.7

iy, fi—ql 2e,pu 2b 36.1 0.4-1.45 BR(f; —be/bu)>20
1pu DV 136 1.6 BR(7, —»qu)=100%, cosb,:
XE 103100, 79, —tbs, X{ —bbs 12e.u  >6jets 139 | & 0.2-0.32 Pure higgsil
L L L L L L L L I L L L L 1
“Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

e —

—

L —————

String resonance

Zy resonance

Higgs y resonance

Color Octect Scalar, k2 =1/2

Scalar Diquark

tt + ¢, pseudoscalar (scalar), g},‘, x BR(¢—21)> =0.03(0.004)
tt+ ¢, pseudoscalar (scalar), gﬁ,p x BR(¢—21)> =0.03(0.04)

quark compositeness (gg), Nuea=1
quark compositeness (), nuges=1
quark compositeness (@g), Nugs= -1
quark compositeness (), nugr= -1
Excited Lepton Contact Interaction
Excited Lepton Contact Interaction

(axial)vector mediator (xx), 99 =0.25, gom =1, my= 1 GeV
(axial)vector mediator (g3), gq=0.25,gom=1,my =1 GeV
scalar mediator (+t/tf), gq= 1, gou = 1,m, =1 GeV
pseudoscalar mediator (+4/th), gg=1,9om= 1. m, =1 GeV
scalar mediator (fermion portal), Au =1,m; =1 GeV
complex sc. med. (dark QCD), Mg, = 5 GeV, Ty, = 25 mm
BaryonicZ’, gq=0.25,gom= 1, my =1 GeV

Z'— 2HDM, gz =0.8, gom= 1, tanB =1, m, =100 GeV
Vector resonance, go=0.25, gom =1, my=1GeV

Leptoquark mediator, 8 =1, B =0.1, Ay ow = 0.1, 800 < Mg < 1500 GeV

RPV stop to 4 quarks
RPV squark to 4 quarks
RPV gluino to 4 quarks
RPV gluinos to 3 quarks

ADD (ji) HLZ, neo =3
ADD (yy. #) HLZ, neo=3

ADD Gxx emission, n=2

ADD QBH (jj), neo =6

ADD QBH (ep), neo =6

RS Gix(yy), kiMz=0.1

RS QBH (jj), neo =1

RSQBH (ep), nso =1

non-rotating BH, Mo =4 TeV, nep = 6
split-UED, y =4 TeV

RS Gxx (g4, gg). k/Me =0.1

excited light quark (gy), fs=f a

excited b quark, fo=f=f=1A
excited light quark (gg), A =mq‘
excited electron, fs=f=Ff=1,

excitedmuon, fe=f=Ff=1 A=

F=1A=m
=mq

=m
.

WISM, V| =1.8, |Vu|*=1.8

wsM, IVe«V‘mlleIlez + |Vm|2) =10

Type-lil seesaw heavy fermions, Flavor-democratic
Vector like taus, Doublet

scalar LQ (pair prod.), coupling to 1 gen. fermions, f =1
scalar LQ (pair prod.), coupling to 1# gen. fermions, 8 =05
scalar LQ (pair prod.), coupling to 2™ gen. fermions, B=1
scalar LQ (pair prod.), coupling to 2™ gen. fermions, B=1
scalar LQ (pair prod.), coupling to 2™ gen. fermions, B=0.5
scalar LQ (pair prod.), coupling to 379 gen. fermions, 8 =1
scalar LQ (single prod.), coup.to 3@ gen. ferm., =1,A=1

Zp, namow resonance

Zp, narow resonance
SSMz’

SSM Z'(gg)

Z'(qq)

Superstring Z,

LFV Z', BR(ep) = 10%
Leptophobic Z'

SSMW'(tv)

SSMW'(tv)

SSMW'(qg)

LRSM Wa(INz), M = 0.5Muy,
LRSM Wz(tNz), My, =0.5Mu,
Axigluon, Coloron, cot8=1

225555 rrrzzza

Tz zzx Tz zzzzzzzx

Tzzzzzzzzx

z 5

Tz zz T zzzzx

Tz zzzzzx

ZZTZXZEZzzzzzzzzx

CMS preliminary

Overview of CMS EXO results

— 1712.03143 (2p + 1y,
0 72=325 | 1808.01257 (1) + 1y)

OIS =37 1912.12238; 1604.08907

o gsas

1911.04968 (34, = 41)

1911.04968 (31, = 4f)
S 0108-034

218 1712.02345( = 1j + ET=%)
0/522.8" 1012.12238; 1604.08907 (2j)

<0.29 1901.01553 (0, 1f + = 3j +E7%%)

<03 1901.01553 (0, 1£ + =3j +EJ*%)

S1ay 1712.02345 (= 1j + E75)

1810.10069 (4j)
2197 1908.01713 (h + EP=%)
eSS0 1908.01713 (h + 7
35-07  1911.03761 ( =3j)

181110151 (1p + 1j + EP'=)

<1.54

1808.03124 (2j; 4j)

02N 1806.01058 (2))
O S TE 1806.01058 (2))

1810.10092 (6j)

1802.011
1809.00327 (2y)
1803.0
1802.01122 (ep)

DA =290 1803.11133 (£ + EY)
O =Zi60 191212236; 1604 08907 (2)

s 1711046
PE=TEN 1711.04652 (y +j)

<12 1802.02965 (3f(p, e))
0.02-16 1806.10905 (2, = 1j)
1911.04968 (3¢, = 4f)
1905.10853 (34, = 4L, 24, =171)

<0.88
0.12-079

<144 1811.01197 (2e +2j)
<127 1811.01197 (2e +2j; e + 2j + EF')
<153 1808.05082 (2 + 2j)
08-15 181110151 (1p+ 1j+EF=)
<120 1808.05082 (2pu + 2j; u + 2j + ET'™)
<1.02 1811.00806 (2T + 2j)

<0.74  1806.03472 (2t +b)

1912.04776 (2p)

1912.04776 (2p)

02520 BXo-19-019
I e5=2.911 1912.12238; 1604.08907 (2j)

1905.10331 (1j, 1y)

1909.04114 (2j)
S 2] 1803 11133
i 180711421 (x4 B
1912.12238; 1604.08907
180311116 (2f +
1811.00806 (27 + 2j)

19

01

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).

10
mass scale [TeV]

Jiang-Hao Yu (ITP-CAS)



Paradigm Shift

1) New physics beyond the LHC threshold: paradigm shift for BSM searches

2) New physics hidden at the LHC searches: light particles below 1 GeV axion, dark photon, sterile neutrino, etc

Precision measurements

Direct searches

A A

Experiments: Resonance bump hunting at the LHC Experiments: deviation from SM at the LHC

Theories: New physics model building Theories: Effective field theory (EFT) description

EFT provides evidence of new physics

Jiang-Hao Yu (ITP-CAS)



EFT Description of New Physics

The existence of neutrino masses is the first evidence of new physics beyond standard model (BSM)

Beyond the current experimental searches Measurements of neutrino oscillation
v H H
w T AT
: . Vi
X b —{—
(H) yVv v/
Cij
for Majorana neutrino X(L,-H)(L]H) +h.c. [ Weinberg, 1979 ]
2
B (Y vy ) 0
m, = \Y
mR — Cijxl/il/j'i'h.c.

“... the effective field theory point of view had
predicted the neutrino masses”™

“ .

[ Weinberg, 2021 ]
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Effective Field Theory

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

A £
Zrrr = Log<q A ° | ° |

oL, [ Weinberg, 1980 ]

A A?
Standard Weinberg
Model Operator

Cij
~(LH)LH) +h.c.

Scale separation: series expansion can be performed and truncated Decoupling theorem: EFT does not depend on details of UV scale
Crucial difference between model and EFT Provide modern understanding of renormalization

DOF

SM fields

3

Ingredients

of EFT
Symmetry Power Counting
SM gauge and Lorentz symmetry Canonical dimension

Standard Model Effective Field Theory (SMEFT) provides systematic parameterization of all possible
Lorentz-inv. new physics
8 Jiang-Hao Yu (ITP-CAS)



Dim-6 Operators

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

% L% %
A'AZ'A?’

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

Zrrr = ZLo<q

A4 A5 o [ Buchmuller and Wyler, 1986 ]

200/
5
> _
> 150
O _
'-c—'; : D_im-5
% 100_ Welnberg

50

1980 1990 2000 2010 2020

year

Why complete and independent dimension-6 operator basis?
9 Jiang-Hao Yu (ITP-CAS)



Why Complete and Independent Operators?

First example of EFT: four fermion theory (dim-6)

/Y

Becquerel Pauli Gamov-Teller 1936 Lee-Yang 1956
1896 1933 Fierz 1937 Wu 1956
p Question of Parity Conservation in Weak Interactions™
g part 5 e ccction > T. D. Lex, Columbia U New York, New York
gl Eatida £ spee:érrurig :f sl B — : — . D. LEE, Columbia University, New York, New Yor
B | s ° ¥ n__s Gr S o L; = Zgi {1010} {13014} AND
% =1
£ Z C. N. Yana,| Brookhaven National Laboratory, Upton, New York
ATy = B L A (Received June 22, 1956)
= Energy \Endpointof Ve O’L—( 17 f)/,u) O'l“/, 275’)/,u7 Oor 75 ):
spectrum
— - If parity is not conserved in 8 decay, the most general
My, = GF [%ﬁ“%] [we’Yuwu] vector current form of Hamiltonian can be written as

to Fermi(V/S), Hine= Wolvals) Cstelyabst-Cs'betyevts)

- I T A T P + ('I/PT'Y‘i'Y#'Sbn) (CV'PJ’YWA%"}‘CV"PeT’Y(Yn‘Ys‘I/v)
Four-fermi operator GT(A/T), HVARATAIAA

+Cr'VYetviornysy)+ Wolyayuysyn)
X (=Ca¥elyevivels—Ca'Yelvayls)
+ Wplyeysln) (Crdtyeysl+Cr'¥eivaly), (A1)

10 Jiang-Hao Yu (ITP-CAS)



Why Complete and Independent Operators?

Lee and Yang: complete four-Fermion charge current low energy EFT operator basis

Citations per year _ _
Comprehensive analysis of beta decays

100 within and beyond the Standard Model
° | Falkowski, et.al 2021]
60
energies. The general EFT Lagrangian describing these interactions at the leading order
40 was written more than 60 years ago by Lee and Yang [6]:
20 Lice—yang = =71 (Cveyw — Cyéysy) + pytasn (Caénuysy — Cheyuv)
5 — pn (Cgél/ — C’fgéfyg,z/) — %ﬁa‘“’n (C’Téawz/ — C’rfpéaw/yg,z/)
1956 1973 1990 2007 = pysn (Cpeysy — Cpev) + huc. (1.1)
How about over-complete basis?
\ !
Cannot uniquely determine Wilson coefficients (WC) for dependent operators
Example from four-fermion EFT: Fierz identity
Consistent Independent Consistent Dependent
o A ) . T'B _ CAB (& TC . TP One Solution Infinite solutions
(ul v (U3 U4) Z ¢D (ul ’LL4) (’LL3 u2) Intersect at 1 point Same Line

C,D

11 Jiang-Hao Yu (ITP-CAS)



Dim-6 Operators

[ Buchmuller and Wyler, 1986 ]
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o= (0'0)G oG,
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Oew = ilr'y, D, ¢W™”

O.p =iey,D,eB"",

O,c = igrA*y,D,qG™",
O,w= i@r' v.D.q Wik
O.c = itiA*y, D, uG**"

O, = iy, D,uB""

Ouc = idA*y,D,dG*"

Ois = zdy“D,,dB‘“’ .

Op, =(¢D,e)D*¢p,
Op. =(¢D,u)D"¢,
Ops =(gD,d)D*p,
Ocw = (lo*'t'e)pW,., ,
O.6 =(go""A u)¢Gw ,
Ouw = (Go*"7'u)gW,,
Oy = (§o**A*d) Gy, ,
Oaw = (go*’1'd) oW, ,
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0yl =i(¢'D.p)(&y*e),
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> 0 =X 2y,0)(Zy*e)

04" =%gv.9)(3v"q) ,
04” =Xav.m'9)(gy"7'q)
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qde

Equation of motion (field redefinition)

(D'D,p) = m*’ — MNplp) ' — el + epgd" T — dL¢

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

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

Covariant derivative commutator
[Dpv Da] ~ Xpa'

80 39

Bianchi identity D, X, =0

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

. . . 1 1
Fierz identity TLT. = 5%ax0ks — £0apli
(,3,)=2(Z'yp 0Oy 7'¢) JIk im — 25jn(5mk — 5jk(5mn

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

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

O =(gr"u)(arq) ,
04 =(gr*d)(dr*q),

12

[ Grzadkowski, Iskrzynski, Misiak, Rosiek, 2010 ]
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Higher Dimensional Operator Bases

[ Hao-Lin Li, Zhe Ren, Ming-Lei Xiao, J.H.Yu, Yu-Hui Zheng, 2201.04639 ]
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[ Hao-Lin Li, Jing Shu, Zhe Ren, Ming-Lei Xiao, J.H.Yu, Yu-Hui Zheng, 2005.00008 ]
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Why Higher Dim Operators?

According to power counting rules, typically the higher dim operators are suppressed

A im— A im—
ASM | d 6 ck : 8

9
|.A\2 ~ | Adim—6|" Agim-8 A

A2

Leading operator at higher dim
q v
>‘7‘{GC nTGC at dim-8
q V
d d
- - Neutron-antineutron Derivative couplings
, Oscillation at dim-9 Important at high energy

Neutrinoless double beta decay Correlations among different dim

14 Jiang-Hao Yu (ITP-CAS)




Moore’s Law on EFT Operators

Number of EFT operators grows very fast for higher dim

BWHHTD?

T T T T T
10000000000 ¢ -
7557 369 962
2795173575
-~
1 000 000 000 | : (D*HYHBp,, W}, (D"D,H"YHB,,W};*, (D,D"HYHBL,,W;", (D,H")(D"H)Br,,W}*,
" (D, H"Y(D"H)Br,,Wi"*, (D"H")(D, H)BL,,W}"*, (D,HYH(D"Bp,,)W}”, (D, H")H(D"BL,,)W}”,
- DYHY)H(D,Br,,)W”, (D, HYHBL,,(D"W}"), (D, Hf HBLV D*W?), (D*H") HBy,,(D, W),
175373592 v ’ ’
100 000 000 } 75577476 1 HY(D*H)Bp,, W}, H'(D*D,H)By,,W}*, H'(D,D "7 Wi, HY(D*H)(D,Br,,)W}”,
-
- HY(DYH)(D,By,,)W!', HY(D,H)(D"BL,,)W!", H' BL,,J(D W,?), H'(D"H)BL,,(D,W}"*),
HY(D,H)Bp,,(D*W}*), H'H(D*Bp,.,)W}", HTH(D“D Bru,)W;* HTH(D DB, )W/,
10000000 - 4614554 H'H(D"By,,)(D,W;*), H'H(D"By,,)(D,W}*), H'H(D,B,,)(D*W}*), H'HBy,,,(D*W}""),
. o’ ¥ 5474170 H'HBy,,(D*D,W""), H'HBy,,(D,D*W""). (14)

Which 2 should be picked up?

~—¥ 257378

ﬂﬂﬂﬂﬂﬂﬂﬂﬂ

11'\rvv
VUuUv

Repeated fields

QRQL

No. of independent ops

1: ab kf]l(L Q a])(Q kat l)
[ Henning, Lu, Melia, Murayama, 2017] aat _ oprst © ) (@rajQuet) £ 193
' | : Qprst — cabe 324 ) (QraiQret) b7 85t=5%
eabcem fkl ( pi Qraj ) (stk thl)
| A

0 6 7 8 9 10 11 12 13 14 15

Mass dimension What flavor relations should be imposed?

15 Jiang-Hao Yu (ITP-CAS)



Symmetry of EFT Operators

Operator has more symmetries than what we expected

Field as irreducible rep of Lorentz group

Field transforming under Little group of Poincare

SO(3,1) SL(2,C)  su@) x su@). Spinor-helicity
¢ ¢ €(0,0)
Y € (1/2,0 ,_ .. Ao
Fuu Flapg = % wohg € (1,0) a3
Faas =~ Fuat € 0.1)
Ryvpo Capri= Cunpeapor; € (2,0) Aa XAy As
D, Doe = Dyoty, € (1/2,1/2), Ao Aa

On-shell operator

d N it M — Mi? M N ri—h. ~;
(95\/) _ (eaiaj)®n(€didj)®n H(Dr —|h; I\Pl a) lr,—h, (€aiaj)®n(€d,-dj)®ﬁni=1 /11'1 ’Al’ri"'hi
i=1 /{ o e—l(p/2/1 LN ech/Z/{I
FLi " FLoap(D3) (D), D4 <o o? = 0
i =P =
EOM and CDC Pi &P

Dy; Dy] < [pu,pv] =0
10

Building blocks In spinor-helicity form

; Fi 3i.r.
D'ig, & Aa,

rixl/2 zi p.21/2
/11. A ,

— r +1 %
D’ IFL/Ri o /1 /11 § 7 +l

ri+2

o /11— /1”""2

r.—2
D' Cy R

(ij) = €’ Aigdjp
[ij] = 14672
- On-shell Brackets
(12)*(34)[34]

Jiang-Hao Yu (ITP-CAS)



Operator as Spinor Young Tensor
[ Li, Ren, Xiao, Yu, Zheng, 2201.04639 ]

W (e.po”*D*L,) D, HT [ Li, Ren, Xiao, Yu, Zheng, 2012.09188 ]
[ Li, Ren, Xiao, Yu, Zheng, 2007.07899 ]
l [ Li, Ren, Shu, Xiao, Yu, Zheng, 2005.00008 ]

) i _
D[aaDﬂ]ﬂ = DHDVO-[;((X('IO-;]‘B — _D_Eaﬁedﬂ + EID“, D\/]eaﬁ(o-”v)dﬂ',

Spinor Tensor — Symmetrize indices |[RYPRZ R Mg NERWIC NP | 1
N Diaarpy, = éDuFLVPG[l:mU/;fy = iD"Fy €450 4, (DY)apa = _§€aﬂ(p¢)d + §(D¢)(aﬁ)d‘

Lrithi

. _ ~ —I|h. @;
O%) — (eazaj )®n(€ala1)®n H(Drz lhlllPiaai)a"i_hi

i=1

o - TTN ”'_h'”i,r-+h-
(ea,aj)®n(€didj)®nni=1 /11'1 i qirith,

/ 7i Ti 7k
A — ZUI.’AJ-, pL ;U 'k SL(2,C) x SU(N) n
J : , ’ ‘
3 .
> ® ZI +
N—— —_——
- 7] 7] [ ..
Momentum conservation b (ij)
—_—m———— :
) N On-shell Amplitude
6( : Z /li;li n 71 72 Ty " '
i=1 ) e {i, e ,T,é, e ,Q, ,?V, , N} ; ; ;) i (13) (13) (24) [34] [(J"ld'q_'}; (D3) 4 e (D(,-")4),}, “
#1 =n — 2h; 11[1]3] (12)(13) (34) [34]  FyY'¥2a (D¥3) 57 (Do), @
2121314

Y A=Y YN YUtk =Y AW i?<
i i j k J <

On-shell Amplitude correspondence

n 17 Jiang-Hao Yu (ITP-CAS)




Procedure and Comparison

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

Step-1 Traditional method
[ Hays, Martin, Sanz, Setford, 2018]

mn n 2
0 1 2 3 4 0 1 2 3 4 B [/[/ H H T D
n n
0 H 0 o8 e Vio?, FLy?e®, Fryt, Fy2e, P (D*H"YHBy,, W}, (D"D,H")YHB,,W;’, (D,D"HYHBL,,W}", (D, H")(D"H)By,,W;’
F o' F¢? - (D, H')(D"H)Bp,,W}*, (D"H')(D,H)BL,,W}"*, (D,H"YH(D"BL,,)W}”, (D,H")H(D"BL,,)W}",
Fuot2y2?. F2yt2e (DYH"YH(D,Br.,,) W}, (D, H) HBLV,,(.Q“) ). (DL,H"YHBL,,(D*W}?), (D"H"YHBL,,(D,W}?),
112,12 42 /T"Gb‘lD LY "y, LQP ’ F2 p I‘D /4D2
1 l 1 V265 YRt viYetD, SHBeD. Fugtvd?D LY'yD, v° D", HY(D*H)By,, W, H'(D"D,H)By, ,,WU (D,D"H)Bp,,,W"*, H'(D"H)(D,Bp,,)W"",
¢°D? waq§3bz F D2 Fap?¢D?, F{¢*D? H'(D"H)(DyBryp)W}", H'(DuH)(D"BLyp)WL", H'(D"H)BLyy(DuyW["), H'(D"H)BLyp(DuW"),
p— ’ L(T ' H'(D,H)Bp,,(D*W}*), H' H(D*By,,, )W}, H' H(D"D,Bp,,)W;”, H' H(D,D"Bp,.,)W;”,
: . Frit2y?, F§y?o, fafe fufe v HYH (D" BLy,)(DuW[*), H'H(D" BLy,)(DuW}’), H'H(DyBry,)(D*W’), H'HBru(D*Wi"),
o | VIO IRYEOL | oD, Feutygp, | VLD FreteD”, H'HBy,,(D"D,W}"), H'HBy,,(D,D*W}"). (14)
! y RYP y
Fi¢' 2 ars o oare | FLUTPOD?, FrFLe®D?,
Y129°D*, Fr¢™ D |
- | EOM
; Fry™, FRy2¢, | FRotyD, v1D?,
F3¢2 F ,912¢D2 F2¢2D2
R Rl,/ / ] R P
! - 4 FA (DHT)M(DH)eeBL{vé}WL{sn} ed B rteln
R
(DH")aa(DH) 5B 15y Wageny 3 1B e0E (eovehn - B eam)

(DHaa H (DBL) (7 fy Wi ien e Weedet e
(DHT)QOZHBL{E’I]}(DWL){’B 5}[1’6 ﬁe BG’Y§ 57]
(DH)aa (DBL) 5,5y 5Wieny e B

ot
HY (DH) ot Brieg)(DWL) (5.5, 5 €0eP e

Step'2 H'H (DBL){aﬁ'}/},a(DWL){&,g}’B €GB € Ano

i

BWHHTD2| #1=3,#2=3,#3=1,7#4=1

IBP

BL"Wias ( )" & (DH)_°

)5 (DH),,

2121214 212134 BL"Wra" (
Step-3

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

BL*"Wiras (DHY) 4 (DH), %, Br**Wi," (DH'),. (DH),“ 18 Jiang-Hao Yu (ITP-CAS)



SMEFT Operator Bases up to Dim-9

% % L 23 2y
Sirr = Lo - : : : : :
EFT 92<4 A A2 A3 A4 A5
Standard Model Effective Field Theory Low Energy Effective Field Theory
SU(3) x SU(2) x U(1) gauge symmetry SU(3) x U(1) gauge symmetry
[Weinberg, 1979] [Dirac, 1932 ]

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

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

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

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

! !

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

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

19 Jiang-Hao Yu (ITP-CAS)



Operator Bases for Generic EFT up to All Order

Amplitude Basis Construction for Effective Field Theory

Home
Repo
Downloads
Contact

Welcome to the HEPForge Project: ABC4EFT Lorentz
Dim

———> (lasses

Invariance

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

Gauge
Pac kage Invariance

This package has the following features:

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

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

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

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

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

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

Jiang-Hao Yu (professor at ITP-CAS)

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

20

¢

Types

|

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

Repeated W
Field J
b projection
y selection
Fully Automatic

Dark matter EFT
Sterile neutrino EFT

Gravity EFT
Axion EFT

Jiang-Hao Yu (ITP-CAS)



EFTs at Broken Phase

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

[ Hao Sun,Yi-Ning Wang, J.H.Yu, in preparation ]
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EFTs at Broken Phase

Standard Model Effective Field Theory

approximate custodial symmetry
SU(2) x SU(2)

(bO* ¢+
Y = (¢°,0) = ( o o >—> . T gk

®= (g o) #0

Electroweak Chiral Lagrangian

SM fields and Goldstone

SM Fermion masses from Higgs VEV

Matching

—
Running

Low Energy Effective Field Theory

approximate chiral symmetry
SU(3) x SU(3)

¢

A
V2

-

dr,— 9L 9. 9r—~ 9rR 4R,

(0[(@,ax +@rq,)[0) #0

QCD Chiral Lagrangian

1 04 1
7_‘__

K-

meson and baryon

Baryon masses around cutoff scale from Trace anomaly

22
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Goldstone EFT and Power Counting

Construct generic EFT for Goldstone at IR broken phase

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

Nonlinear Realizations of Chiral Symmetry* T — T _|_ € _|_ .« o e

STEVEN WEINBERGT

Laboratory for Nuclear Science and Department of Physics, Massachusetts Institute of Technology,
Cambridge, M assachusetts

(Received 25 September 1967)

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

Gapless mode

Weakly coupled at IR Non-linear transform under G/H

No interaction at long-wave limit ' ' ’
I, — H(g‘f/"’)a=Ha+iaa+0(an—2+dn—:. )
V2 ;T
LrrT = ,%2 + ,%3 -+ ,%4 -+ %5 -+ 0%6 - U[H]_ei%n“(‘”)fa
7 (DU g Ul =UMY]-h[ll;g] AL g] = ' MaT

Power counting: Derivative expansion Coset Construction

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



CCWZ Chiral Lagrangian

Define the nonlinear Goldstone matrix

CCWZ Coset

d, — bd,h™', E,—bhEh!

Building block /a, ().

f,uu — QTFNVQ fu aTa f+aTa

[Callan, Coleman, Wess, Zumino, 1969]
Q(IT) = exp [—H(x)] — Q(H(g)) — gQ(H)h_l(H; g)

2f
/ wb} o
T o Symmetric Coset
* - a a a —
—ZQ 6'“/9 = dﬂT -+ EZT — dﬂ + E'u Q N gﬂb—l, Q N [)997_11
: 1 0, — D, =0,+ 1A
—thoub 51“ = AgTd +lj43Ta ) U=Q? - gUgy' | DU=0U+iAU - iUAY

AP = AsTe — Al

E,(II) V,=8,+iE, u, = iQDU)Q D, Building block

1
fio= 5 (fw £) = Q'F.Q+ B

Q(II) = [“(H) 0 ] u— /o Ugh = gpub™ = b ugy

0 (1)
— gLU
QCD Chiral Lag EW Chiral Lag
u, — hu, bt V,—g, Vg,
uu—l 8 —iry)u —u (0, —il,)
. f _ f i i
X+ = u'xyu' Tux'u, T = U7 UT — grTgr W — QLWuvgJ]rJ
+ _ L T T £R
=uf,,u tu u, > ;
f 224 Y = [J'))R.U']L — gLYgTL B,uu — gRBMVgJ]r% '
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Adler Zero Condition for Goldstone Boson

Chiral symmetry (PCAC) Adler Zero condition [ Adler, 1965 ]

At low energy

a—

o+ mm = B+ ngm T(a + ¢(p),B) = -2 Rrp) 20,

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

<

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

{-1/2,-1/2,1,0,0} 1(1/14 1(1/1/2 1(1/1/2 111112
21212151, 12[2]515], [2]2]4]4 21214]5],
415 44 515 415

Expand the soft-limit amplitude into the SSYT basis

Put constraints on the SSYT basis

dx
B0, - 0) S K
I=1 [ Sun, Xiao, Yu, 2210.14939 ]

1[1[1]4 1[1[1]2 [ Sun, Xiao, Yu, 2206.07722 ]
2121215/, 2121415 [ Low, Shu, Xiao, Zheng, 2022]
415 415

custodial/chiral symmetry breaking: spurion

25 Jiang-Hao Yu (ITP-CAS)



Chiral Lagrangian for QCD and EW Theory

gEFT:%2+¢%3+°%4+%5+%6+...

ChPT and Chiral EFT

LO Lagrangian

hucleon-meson

hucleon-nucleon

[ Weinberg, 1979 ]

[ Gasser, Leutwyler, 1984, 1985 ]

[ Fearing, Scherer 1994 ]

[ Bijnens, Colangelo, Ecker, 1999 ]

[ Jiang, Ge,Wang, 2014 ]

[ Bijnens, Hermansson,Wang, 2018 ]

[ Krause, 1990 ]
[ Ecker, 1994 ]

[ Fettes, Meisner, Mojzis, Steininger, 2000 ]
[ Oller,Verbeni, Prades, 2006 1]
[ Frink, Meisner, 2006 ]

[ Jiang, Chen, Liu, 2017 ]

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

[ Petschauer, Kaiser, 2013 ]

[ Petschauer, Haidenbauer, Kaiser, Meisner, Weise, 2020 ]

[ Sun,Wang, Yu, in préparation ]

20

EW Chiral Lagrangian = HEFT

LO Lagrangian

NLO bosonic

NLO 2-fermion
NLO 4-fermion

O = v Tar,) @r, 7" U U ) F55™ (h),
Thyt — — Awy T hast
O = @ N T T, @ " AU Ugr ) Fof (h),

= (a7 Tliy)@p v ac, ) Fig” ().

’ 6 term'missing

0L = (Ty7u Tley) @ryy U7 Ugn, ) FUn® (1),
Thep" a n kmygg u That
Ol.li = )’[Ezlf beelnek (lTZLT)]H"C(T‘]L)wm)((IL;I»,,A»CQL,,-I)-F:S?,{ (h),

O'J!’f = )’Cab{‘(kmcm((TZRT)pmc(quf)rnn)(q.‘(’il'nh-(“qlﬂrl)‘F{‘(;)Cl)w‘ ().

NNLO Basis

[ Weinberg, 1979 ]

[ Appelquist, Bernard, 1980 ]
[ Longhitano, 1980, 1981 ]

[ Feruglio, 1993 ]

[ 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 ]

Jiang-Hao Yu (ITP-CAS)



Why Higher Order Chiral Lagrangian?

Ab initio nuclear force Higher order chiral perturbation
2N Force 3N Force 4N Force 5N Force >
LO g
(Q/A\)° >< -
A
O >.< S {:;;:: [ Entem, Machleidt, Nosyk, 2020 ] "
(Q/Ay)? H >
“.‘ > By ."“‘ m
~ 100 GeV |-
E dim — 3 dim — 6 dim -7 dim — 9
2' mgg : Vv —v° d — uev d — uev) ® o dd — uuee
v .

NNLO +H| { + \
(Q/A,)° |>< >K
~ 1 GeV

b ot |
- Q © ® - (TR SR X :9 4
N°LO ' ' ' $ 4
(() \ )l ‘4 ) \ ! ~ 100 I\I(‘V
SE A LS | {
'y *o ' ) 7\ +oe +
2 11 919 +--4| T
N'LO BT * HI H+‘ & AA,AP,PP , AP,PP
/4 \
4

x ):-:-:ZI o+o+| ey g 0507 = 0t)
T

. #3:’ : & . [ Cirigliano, Dekens, de Vries, Graesser, Mereghetti, 2017]

:
T
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Chiral Nuclear Force

Meson Exchange Model

Chiral EFT

(1) __
N —

Y (iD— mn + Lgavuysut)

1

d
Y ,‘)'n

4+ e ‘

4 e

Goldberger-Treiman Relation

Ea:NLiENL NR":ENR_QNRENL—QNL ET Np Vs
! It
f | Mnga(0) = Fr g.nn
N N—o—
ga = 1.27,g,rNN ~ 13.40
300 [+ e AAARRE R
1SochanneI:
200 - -

L = N’f(iao+

28

S00 —

q

| | ‘l | ] ] | | | I | ] | ] ] 1 || ] | | I | ] | ]
C ) ] z
/!Yv contact interactions

s

-

-500 =

Internucleon potential (MeV)

v /7 multiple GB -
" exchange (ChPT) -

lllllllllllllllllllllll

-1000 0

>

2

2mN

1 2
Separation (fm)

1 1
)N — 5CS(N“N)2 — 5CT(N‘f&N)2 + ...

\_7_I

terms with = 2 derivatives



Chiral effective field theory

Weinberg power counting p=2+20—-r+> 'V, (dz- - %n - 2)

——— Dim = 2(1-2+2/2) =0 >< = (0-2+4/2) =0 ¢ :
’ > R
I - — b — o .
| V. — _(29%)2 Ulz‘qo'z'zq 2.7~ O() Co [ Weinberg, 1990 ]
w q* + M?Z
Irreducible  Dim =2+2-2+72(1-2+2/2) = 2 ><>< Pinch si larit
inch singularity
) S N AR
/1 \ \ Q’ (M) ( M) o MQ
X Col —= || —= |Cy ~ C
I\ ‘v' 4w M 0 Q? Q? 0 O g
~ B o P 7z
- S - L+ L+
=
Reducible 2PI
R | .
| | ga\’ Q@ B 4 F? o + - +
| | ~N =) — Anw=—F5—~"F
F. ) Apnn gymn :
— Unnatural scattering length
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Chiral EFT operators

® Weinberg: C(I} ~ 0(1) VVI\J/(())inberg ™~ O(]‘)’ V\zelillcl)berg ™~ O(pz)
[i.e. scaling of Cz, according to NDA (~ O(1))] p~O(p) CF~O(p?

p~O(1) C}~O(1)

[ Weinberg, 1990 ]

A= T 1 + el 4 e e 4

N4D2

N4 N2u -1

(BBBB). (BBBB). (BB)(BB). (BB)(BB).
(BxBBB), (BByBB), (BxB)(BB), ...

[ Petschauer, Kaiser, 2013 ]

e KSW: Ci~op™) Visw~O@"), Vigw ~ O(1)

[i.e. scaling of C2n as Can ~ O(p-1")]

[ Kaplan, Savage, Wise, 1998 ]

<X

N6
‘_ -9
L. Lot & 3 @
4 NZu2 1
[ Petschauer, Haidenbauer, Kaiser, Meisner, Weise, 2020 ]
(BBBBBB) ,(BBBBBB),(BBBBBB),
(BBBBBB), (BBBB)(BB), (BBBB)(BB) .
(BBBB)(BB),(BBB)(BBB).(BBB)(BBB).
(BB (BB) (BB) (BB) (BB)(BB) [ Sun,Wang, Yu, in préparation ]
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Nuclear Weak Currents

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

o

Y

# 1 b M T %

(Vg

~ 100 GeV |-

.......... . E
= &

o . wH K X 5

RS

[ Epelbaum,2018 ]

H T

parameter-free

MgH

depend on d2 ds, dg, dis-2d23, =

i

no 1/m corrections..

ﬁ:: WH

parameter-free statlc two-pion exchange

%X X

parameter -free;
only tree-level 1/m-corr. survive

X

depend on 2y, ..., 24
no loop corrections

AA,AP,PP.MM
Mp, M o

AA,AP,PP AP,PP
o Mp, o0, M M

GT,sd T, sd

~ 1 MeV

0%, (0% — 0t)

[ Cirigliano, Dekens, de Vries, Graesser, Mereghetti, 2017]
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UV Completion of EFT Operators

[ Hao-Lin Li,Yu-Han Ni, Ming-Lei Xiao, J.H.Yu, 2204.03660 ]
[ Xu-Xiang Li, Zhe Ren, J.H.Yu, in preparation ]
[ Hao-Lin Li,Yu-Han Ni, Ming-Lei Xiao, J.H.Yu, in preparation ]
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EFT Inverse Problem

After writing down the effective operators, what is the next step?

energy

LHC probing scale

Low energy experiments

LEFT

chPT, chEFT

33 Jiang-Hao Yu (ITP-CAS)



Lesson from Four-fermion EFT

e R 15 3 :

_"r_,'\_'-' % e Lk e 3
LR T O e ‘
R i)t NCRESS S

Glashow-Weinberg-Salam Lee-Georgi-Glashow

Bad high energy behavior
.......................................................................................................................... GFr
Ve +N— p+e€
G#s
0 = _7r mw << K#J 300 GeV.

[ Lee, 1961 ]

If parity is not conserved in 8 decay, the most general
form of Hamiltonian can be written as

Hing= (‘l’pf'ﬂ‘pn) (C Yoyt CS,¢eT'Y4')'5¢v)
+ Wolvaeydn) (Codbety ey b t+-Cv'Yety ey iveds)
+% (‘l’pT'Y#T M'Sbn) (CT‘P eT'Y40' )\Mpv
+Cr'Vetvaonaysn)+ Wty avuysyn)
X (=Caetyeyiysls—Ca'Velvay )
+ Wolvaeys¥n) (Covety eyl +-Cr¥elyals), (A1)
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Lesson from Four-fermion EFT

Glashow-Weinberg-Salam

1961 1967

If parity is not conserved in 8 decay, the most general
form of Hamiltonian can be written as

Hin= (‘l’pT'Y4¢n) (C Y eT'Y4¢v+ CS,¢617475¢1')
+ Wolvayn) (Coibetyay b +-Cv'Yelyay oy ss)
+% (‘l’pT'Yw' M‘»bn) (CT‘P eT'Y4°' )\Mpv
+Cr'Yetvaorniysls)+ Wplyayiysyn)
X (=Ca¥etyevuvsb— Ca'¥elyevals)
+ Wolveysyn) (Coyetyeysps+Cr'elvals), (A1)

Lee-Georgi-Glashow

1960 1972

35

.1(1’;“-1
Nobel prize
1979

Nobel Prize before W/Z discovery

CERN Bubble Chamber
1973

Effective interaction detected!

Jiang-Hao Yu (ITP-CAS)



Similar Story: Neutrino Masses

The existence of neutrino masses is the first evidence of new physics beyond standard model

7
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Seesaw Tree UVs

Top-down Approach

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

Bottom-up Approach

(H) (H)
energy energy ow (Hy B “w @ Hy i E
) (H) b hy (H) ) (H) _ o My
. - - - e b R e VL—>_W_<*VL
W .

Y32 Y3/2

[ Demir, Karahan, Sargm, 2021 ]

NG SMEFT
L ® L

1 +,C

Consider Angular momentum conservation

37 Jiang-Hao Yu (ITP-CAS)



Pauli-Lubanski Casimir

Weinberg operator as on-shell amplitude

0% = (HL)(HL)

Acting on the Pauli-Lubanski Casimir, obtain the eigenvalues on spin!

BY = (12)

(pr,hr;pe, ha|pr, Mo Dy R

W2<pL,]’LL;pH,hH|P, J, JZ> — —PQJ(J—I— 1)<pL7hL§pH7hH|P7 J, Jz> — —SZJ(J+ 1)OJ

W {21.3}8'1 - 03

Wi BY =0

Acting on the SU(2) Casimir, obtain the eigenvalues on gauge!

(12)

R . .
Bl — Eszﬂ

Bf S P

C’B" =r(r+1)B"

33

J

[ Li, Ni, Xiao, Yu, 2204.03660 ]

BR:{

cik il

ik il _ 9¢ij ki

R=1
R =3

Jiang-Hao Yu (ITP-CAS)



Only 3 Types of Seesaw at Dim-5

Generalized partial wave analysis for Poincare/Gauge Casimir

3

W2B' = —sJ(J +1)B’

Wi 3 BY = — i-91:$<12> LH — LH channel

Type-l and Ill: SU(2) single and triplet

Dim-7 Operators

)

LI — HH channel

“,{212}8'[ —_ 0

) 3
A2
*H

[ Li, Ni, Xiao, Yu,2204.03660 ]

Type-ll: SU(2) triplet, or singlet (excluded by repeated field)

j-basis Model
oLl =05 0 | typel
/23] — 5 ]
Onionr =07 507 [ pelll o5 ), of = )
By _ 834<12>
w20 = | [34]13) (24)

39

W{21,3}By = 524 (

3534 (12) + 2[34](13)(24)

j-basis Model
0,1 )
OI(EIH)—>LL = 04 N/A
07
OJ(T{;)_)LL = 0% type |l
_14_5 2 BY — B =
0o -3 (13)(24)

D= DWW

J
J

Jiang-Hao Yu (ITP-CAS)



Dim-7 Tree-level Seesaw

59 UV tree-level models, 19 topologies, one genuine dim-7 seesaw

Topology j-basis Quantum numbers {J, R, Y}
i I Of12)3456).1 = 20} — 408, {0,3,-1},{0,3,1},{0,3,0}
i J\ O12)34)56},2 = 205 + 404, {0,3,-1},{0,1,1}, {0, 3,0}
H - ::: L 0{12|34|56},3 = 1205}» {0, 1, —1}, {(), 3, 1}, {0» 3, 0}
Ho g Of12)34/56),4 = 40% + 408, {0,3,—-1},{0,3,1},{0,1,0}
Oq12)3456),5 = 204 + 40%. {0,1,-1},{0,1,1},{0,1,0}
L o Of13)2456},1 = —0% — 20% + 307, {5.3,0}.{35,3,0},{0,3,0}
J\/.\ Of13)2456},2 = —OF + 305 +20% + 304, {5,3.0},{5,1,0},{0,3,0}
H - T L Oy 13)24156}.3 = —OF + O — 20% — 307, {3.1,0},{3,3,0},{0,3,0}
oo g O13124156) .4 = —OF — OB + 30% + 602, {1,3,0},{2,3,0},{0,1,0}
Ofisj2456},5 = OF + O + OF +20%. {3,1,0},{3,1,0},{0,1,0}
I ot Oq16)23145).1 = 207 — 205 — 204 + 60} + 60, {5,3,-1},{3,3,0},{0,3,1}
J\/'\ Of16)23145),2 = —207 — OF — OF 4 30} + 308, {5,3.-1}.{5,1,0},{0,3,1}
H - 1 L O16)23/45),3 = 305 + 305 + 30} + 305, 51, —1},{5,3,0},{0,3,1}
H H Of16)23)45,4 = O — OF — 30] + 305, {5.3,-1},{3,3,0},{0,1,1}
Of16)23145},5 = 05 — Of + Of — O%. {3,1,-1},{5,1,0},{0,1,1}
ooy Of12)125)343,1 = O +405, {0,3,-1},{0,4,-5},{0,3,1}
H L L Oy 12)125)34),2 = —807 + 405, {0,3,-1},{0,2,-1},{0,3,1}
/\' ---- < Oq12)125)34},3 = — 1204, {0,1,-1},{0,2,-5},{0,3,1}
H L Of12)125)34),4 = —20% — 404, {0,3,-1},{0,2,-1},{0,1,1}
0{12|125|:;4},5 = —205 - 40?:- {0,1,-1},{0,2, —%}’ {0,1,1}
H  Hi O(12)126)34},1 = 307, {0,3,-1},{0,4,-3},{0,3,1}
H . " L Of12)126)34},2 = 1207, {0,3,-1},{0,2, —%}, {0,3,1}
,’L ---- < Oq12)126/34},3 = —120%, {0,1,-1},{0,2,-3},{0,3,1}
H L O12)126)34},4 = —20%5 — 404, {0,3,-1},{0,2,-2},{0,1,1}
0{ 12|126|34},5 = —20.’4) - 40\1:- {0,1,-1},{0,2, —%}’ {0,1,1}
H H 0{12|124|3(5},1 = _Of - 40;’;’ {0,3,-1},{0,4, —%}, {0, 3,0}
H v L Of12124)36) 2 = 20} + 60} + 208, {0,3,-1},{0,2,-1},{0,3,0}
2 < Of12)124)36},3 = —60% — 60L, {0,1,-1},{0,2, -3}, {0, 3,0}
HT L Of12)124)36),4 = —207 + 205 + 204, {0,3,-1},{0,2,-1},{0,1,0}
Oq12)124i36},5 = —204 + 20, {0,1,-1},{0,2, -3}, {0,1,0}
Ht H 0{13|135|24},1 = Of - 20;’; - 602’ {%,3,0}, {%,4, %}, {%, 3,0}
L , 2 | Opspsspay,e = —OF — 305 — 405 +90% +60%, | {3,3,0},{3.2,5},{3,3.0}
s \ 0{13|135|24},3 = Oi) - 03’ + 20:’;) + 30’4) %, 1,0}, {%,2, %}, {%,3, 0}
H L O(13)135)24y.4 = OF — 304 — 205 — 304, {3.3,0},{5,2,3},{5,1,0}
Oqi3135)24),5 = OF + O + Of + 205, {3,1,0},{5,2,5},{3,1,0}
o H Of16)146)23).1 = —207 + 405 — 120%, {3.3,-1},{3.4,-3}.{3,3,0}
L \ H'[ 016146/23).2 = 20} — 305 — OF +90% + 30%, | {1,3,-1},{%,2,-1},{%,3,0}
J O{l(i|l46|23},3 =30§+3O§+30.’;+30.€’ {%,1,—1},{%,2,—%},{%,3,()}
H L

0{1(;|14(5|23}'4 - 20’1) -+ Og -+ OI; - 3011) - 30’;;

{3,3,-1},{35,2,—3},{35,1,0}

_ P p p P
0{1(5|14(i|23},5 =—-0; 4+ 05 - 07 + O,

{%313_1}){%’23_%}3{%313()}

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

{3.3,0},{0,4,—1}.{0,3,1}

HY L
H . y H | Op13123)45},2 = 207 + OF + OF — 90} — 90, {3.3.0},{0,2,—5},{0,3,1}
ST Oq13)123)45},3 = 207 + OF + Of + 30} + 305, 2,1,0},{0,2,—3},{0,3,1}
H L 0{13|123|45},4 :OS—O§+3O§—3O§’, {%,3,0},{0,2,—%%{0,1,1}
Of13)123)45) 5 = -0 + 0¥ +0F - 0%, {%, 1,0}, {0, 2, —%}, {0,1,1}
[ Ousiizsiasy = OF — 40 — 40%, {1.3,0},{0.4,—1}.{0,3,0}
H - y H O13)123)46}.2 = OF + 205 — OF — 90%, {5.3,0},{0,2,—3},{0,3,0}
P Oq3123)46}.3 = —OF — 205 + O — 30%, {5,1,0},{0,2,—3},{0,3,0}
HY L Of13)1231463.4 = —OF — OF + 60] + 30, {3.3,0},{0.4,—3},{0,1,0}
Of13)123)46}.5 = —OF — Of — 207 — OF. {5,1,0},{0,2,—3},{0,1,0}
H L 0{16|126|34},1 = 6Oll)’ {%133_1}7{0347_%}1{07311}
o m Ogsiiz6j3a).2 = —30% +90%, {3.3.-1}.{0.4,-3}.{0.3.1}
/\-_- Oq16)126]343,3 = —30%5 — 304, {5,3,-1},{0,4,-3},{0,3,1}
H L O(16)126)34).4 = —O5 — 20} + 307 + 60%, {5,3,-1},{0.4,-2},{0,3,1}
Of16)126)34) 5 = Of + 20% + OF + 20%. {3,3,-1},{0,4,-3},{0,3,1}
I H O23)235)46).1 = O} — 204 + 60, {3.3,0},{3.4,3}.{0,3,0}
H . b H O23j235)46},2 = OF — 605 — 505 — 30%, {3,3,0},{3,2,5},{0,3,0}
o O{23)235/46}.3 = O +205 — OF — 30%, {5,1,0},{3,2,3},{0,3,0}
Hf L O{23)235/46}.4 = —OF — Of — 60 — 30, {3,3,0},{3.2,3},{0,1,0}
Oq23235)146},5 = —OF — 0% + 20} + OF. {5,1,0},{5,2,5}.{0,1,0}
L Ht 0{13|136|45},1 = Of + 205 + 20:’;) _ 6051) - 60’5,’ {% 3, O}, {% 4, —%}’ {0,3, 1}
H "\ o1 H [ Opgsis).s = 20 — 50} — 505 — 305 - 308, | {5.3,0},{3,2,-3}.{0.3,1}
,'\"\_\ Oq13136)45},3 = 207 + O + OF + 307 + 30%, {% 1,0}, {%, 2, —%}’ {0,3,1}
H L 0{13|136|45},4 - Og - O:;;) + 304’1) - 3(9?’ {%,3,0}, {%’23 _%}’ {0’1, 1}
Oqi3nsejasy s = —05 + 05 + OF — OF. {3,1,0},{3,2,—3}.{0,1,1}
I H O{16)156|34} .1 =20f—40§+ 1207, {%,3,—1},{%,4,—%},{0, 3,1}
H N ! / HY 0{16|156|34},2 :40’{-{-05—302, {%v31_1}1{%1 v—%}1{013?1}
,’k- 0{16|156|34},3 = _305_3051)’ {%,1,—1},{%,2,—%},{0, 3$1}
H L Of16)156)343.4 = —O5 — 20% + 30% + 60E, {3,3.-1},{5.2,—3},{0,1,1}
Ot16)156)34}.5 = O +20% + OF + 20%. {3,1,-1},{3.2,—-3},{0,1,1}
I I Ogsa)134)56),1 = —OF + 205 + 60, {0,3,1},{3,4,5},{0,3,0}
H . \_l. y H O (34113456} .2 = 407 — 8045 + 1207, {0,3,1},{35,2,5},{0,3,0}
’1\" Y O(34)134/56},3 = 205 + 40;’), {0,1,1}, {%, 2, %}, {0,3,0}
HY H O(3a13456},4 = —407 — 408, {0,3,1},{3,2,5},{0,1,0}
0{34|134|56},5 = 2(9:’1) + 40,5: {Os 1, 1}1 {%v 2, %}a {Ov 130}
H L O16)126},1 = 607, {3.3,-1},{0,4, -3}
\ P P P P
I __",</ I Oq16)126},2,3 = (_fé;_oé;jié):ffép) . {% 3,—1},{0,2, —2‘}
| 2 3 4 5
! ! P p p P
H  H O{16/126},4,5 = (_02 205 =01 - 205)- {3.1,-1},{0,2,-3}

—200 — OF — 208 — OF

[ Li, Ni, Xiao, Yu, 2204.03660 ]

34/59

| Bonnet, Hernandez,
Ota, Winter, 2009]
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Complete dim-7 Tree UVs

Scalar

S1(1,1,0)

H3HTL?[(S6), (F5),(F1), (54, S6),
(84, F5),(S4, F1), (F3,F5), (F1, F3),(S6, F3)]

$2 (1,1,1)

ecHL3[(S4), (F
HL*QMul[(54

4)7 (Fl)] dCHL2Q[(S4)v (FIO), (FQ)]
), (F8),(F12)] DecHLT[(F1),(F3),(V3)]

s4 (1,2,3)

ecHL?(S6), (S2),(F5),(F1)] dcHL*Q|(S6),(52), (F5), (F1)]
HL2QTul[(56), (S2), (F5),(F1)] H3HTL2[(S6), (F5), (F1),(S5,56), (51, 56),
(S6, F5), (56, F1), (S5, F5), (S5, F1), (S1, F5), (S1, F1)]

S5 (1,3,0)

H3HTL?[(S6), (F1, F5), (56, S7), (54, S6), (S7, F5),
(S4,F5),(S4,F1),(F5,F7),(F3,F5),(F1,F3),(S6, F7), (56, F3)]

S6 (1,3,1)

D?H?L? ecHL?[(S4),(F4),(F5)] dcHL?*Q|[(S4), (F10),(F14)]
HLQQTuT ((S4), (F13), (F12)]
DeCH’f3LT[ F5),(F3),(V3)] H?L*WL[(FT7)]
H3HTL?[(S4), (S8), ( 7),(S5), (S1), (F5, F6), (F1, F6),
(S5, 57), (54, 55),(51,54) (S7,F5),(S4, F5), (5S4, F1), (F5, F7), (F3, F5),
(F1,F3),(S8,F6),(F6,FT7),(F3,F6), (S5, F7), (S5, F3),(S1, F3)]
ecHL?

HL?Q'ul. dcHL2Q DelH3L

H3HTL2[(S6), (F5),(S5,56), (56, F5), (S5, F5)]

H3H'L2[(S6), (F6), (S6, F6)]

dc?H Luc[(S12), (F10), (F1)]
deel.H Lul[(S12), (F10), (F1)]

dc HL?Q[(S12), (F10), (F1)]
dc HLQT?[(S12), (F10), (F1)]

dc® HYL[(S12), (F11), (F2)]  dc?H Luc[(F11), (S13), (F1)]  dc?elHQ'[(S13), (F3), (F8)]

dc®HTL[(S11), (F11)] dc?H Luc[(F11),
dc HL*Q[(S10), (S14), (F5), (F1), (F14), (F9)]

(S10), (F10)]

deel HLul[(510), (F3), (F12)]

de? H Luc[(S11), (F10)]  de2el. HQ[(S11), (F10)]

dc HL*Q|(S12), (F10), (F5)] dcHLQ™[(S12), (F10),(F5)]

41

[ Li, Ni, Xiao, Yu, 2204.03660 ]

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

Jiang-Hao Yu (ITP-CAS)



Complete Dim-6 Tree UVs

[ Li, Ni, Xiao, Yu,2204.03660 ]

Scalar Fermion

(SU(3)e, SU(2)2,U(1)y)

B 2HH' D2H2H'2 dcHHT2Q[(F11),(F8)] ecHH™L[(F3),(F2)] (SUB)e, SU(2)2,U(L)y)
S1(1,1,0 GL:HHT H?H'Quc[(S4), (F11), (F9)] HH'W.? F1(1,1,0) DHHTLL" ecHHTL[(F3),(52)] ecHH"L
o H?H[(86), (52), (S5), (54, 56), (52,54), (54, S5), (54)] ; P +2
WHEVL deHHP0 B H'Ou F2(111) BrecH'L DHHYLL' ecHHYL[(F4),(F3),(S1)]
dcHHQ((S4), (F10),(F9)] ecHHL[(S4), (F4), (F1)] eccHH™ L
27t 2712
52 (1,1,1) - H*H1Quc|(F8), (F12)]  L°L F3(1,2,1) BrecH'L ecHHL[(F5), (F1), (F6), (F2),(S5), (S1)]
H3HT3[(S4),(S5),(55,56),(S1), (54, S5), (S1,54), (S5, 56), (54, S6)] N le hes!
S3(L12) ec?el? F4(1,2,3) Decel HHY  ec HH'2L[(F6), (F2), (S6), (52)] ecHHL Ew S€arcnes.
dhecLQt  dcHH'Q[(S6),(52)] ecHH?L[(S6), (52)] F5(1,3,0) DHHYLL" ecHHTL[(F3),(S6)] ecHH"L
(1o H2H'Que H2*H'Quc[(S5), (S1)] QQtucul. ,
1.22) HPH'*((S6), (52), (S5, 56). (52, 55), F6(1,3,1) ecH' LWy, ecHH™L[(F4), (F3),(S5)
(51,56), (51, 82), (52, 56), (S5), (51, 55), (S1)] F8(3,1,—3) BrdcH'Q dceGprH'Q DHHTQQT dcHH™Q[(F10),(F11),(S1)]
BLHH'W, D?H?H'? dcHH™Q[(F11),(F13)] A 2
. (1 5 0) eCHthL[(FS),(FG)] H2HTQUC[(S4),(Fll),(F14)] HHTWL2 F9 (3,1,%) DHH QQ BLHQU(C GLHQUC dCHH Q[(Fll),(SQ)]
o H3H'3[(S7),(56), (52, 56), (S1), (56, 57), (54, 56), (52, S4), (54), (51, 54)] H?*H'Quc
ecHH™? L dcHH™Q H?H!'Quc 5 i
- - - F10 (3,2, —3 Ddcd HH" dcHH2QI[(F13), (F8),(S6),(S2)] dcHH'
deHH?Q((S4), (F10), (F14)] ecHHI?L[(S4), (F4), (F5)] 3.2, ~) s CHIT QIS (), (50), (52)]_delHTe
$6(1,3. HEHQuel(F1S), (F12)] 171 BudcH'Q BLHQuc GiHQue DHH'ueuf
o HPHT?[(S7), (54),(58),(55), (55), (51), (52, S5) F11(3,2,3%) dc HHT2Q[(F14), (F9), (F13),(F8),(S5), (S1)]
(85.87).(84.85).(81.84).(52.85). (§2. S4)]
1 T H2H' Quc[(F14), (F9), (F13), (F8), (S5), (S1)
S7(1,4,1)
2 H3HT3[(56);(553),(55,56)] F12 (3,2, %) DHH weul. H2HTQuc[(F14), (F9), (S6), (52)] H2H'Quc
H3H
58(1.4,9) HE13](56)] F13 (3.3, —3) deH'QW,,  dcHHQ((F10), (F11),(S5)]  H*H'Quc|(F11), (6)]
59 (3,1, 1) uctul? F14 (3,3, %) HQucWy dcHH™Q[(F11),(S6)] H?*H'Quc|(F11),(F12),(S5)] [ de Blas, Criado
S10 (3, 1,—3) Q%Q™? ecLQuc ecQuc GCG(TCUCU:{: Vootor V3(1,2,2) —_— ?cel;mo Tz — Perez-Victoria, Santiago, 2017]
S11 (3,1, 5) de®dg.” (SU@3)e, SU(2), U(1),) o P o e e
512 (3,2, ¢) dedlLL dc2dl?  dedlecel. ec?el? Dded HHY e AL e e
513 (3, 2, %) LLTuCu:{: DeceLHHf D2H?H'? ded . LL! ecefCLLT 5 G12) (}C&CLQT
DHHYLLT L2Lt2 d. dTQQT oot V6 (3,1,3) ecelucul.
St (3 3,_? Q22Q:22 V1(1,1,0) DHHTQQT LLTQQT Q2Q’r2 (Z(::;(;'UCUC V7 (3,2,-3) dede L d&ggﬁ e(;:;?QQ: ekl @lue
515( , 1, 3) dc d ece}:ucu:{: DHHTucu(T: LLTucu(T: QQ”ucu(C V8(3,2,1) d.cdtthf d:Lfoug ‘IC[:I[:JT'U.C'U.L
516 (6,1, %) deQ?uc d(cd(cuq;u(C dcHH™2Q ecHH™L H2H'Quc V9 (3,3, 3) LLIQQ!
S17 (6.1, 3) uc®uf’ ecHHL dcHHQ H?*H!Quc Vs et
S18 (6,3,%) Q%Q12 D?>H?H'?  DdcH"ul, dedlucul, V12 (5.1,0) dc2di?  dedhQQ Qfo?T dedbucul
S19 (8,2,%) QQTuccug: v2(1.1.1) ecHHL dcHH™Q H*H'Quc V13 (8.1,1) QQ:;:;*;”ZL =
dc HH'™Q V14 (8,3.0) Q*Q" Jiang-Hao Yu (ITP-CAS)




Complete Dim-8 Tree UVs

Typ%fD4iq2H)§2 7 it p—
=1 1Y yt)H;H; (D, D,H")(D*D"HY),
0 = V[ luly JHYHi(D, D, H,) (D" DY HY),
Of = [ [ JuY[ 1 Ju+)Hi(DuH;)(D, H") (DD HY).
group: (Spin, SU(3).,SU(2),,U(1),)
> ( {Hy, Hy}, {H'3, H',}
* (2,1,3,1) 807 — 480 — 480}
(0,1,3,1) 80!
(1,1,1,1) 80! +160}
{Hy,H 3}, {H>, H',}
* (2,1,3,0) 1607 — 40! + 560}
(1,1,3,0) 80 —40f + 80}
(0,1,3,0) 80! + 40} + 160}
* (2,1,1,0) 2407 — 40 — 240}
(1,1,1,0) —40) - 80!
(0,1,1,0) 104

In the forward limit, a twice-subtracted dispersion relation

ikl 1 * ds x :
MU= o — 2 Mo x My x + (7 < 1)
(s (eN)? S X
Particle | Spin Charge/irrep Interaction ER c 6)

B 1 1 B (HTe D, H)+ he. v 8(1,0,-1) 2(-1,2)
= 0 31 gMET(HTer'H) + he. X 8(0,1,0)  2(1,2)
S 0 19(S) gMS (H'H) v 2(0,0,1)  —1(1,0)
B 1 1o(A) gB(H' D, H) V21,10 —1(1,4)
=0 0 30(9) gMEL (HT 71 H) X 2(2,0,-1) i(1,-4)
W 1 30(A) oW (HIT D HY X 2(1,1,-2)  —3(1,0)

Analyticity in complex s plane (fixed 7)

1 A(s',t)

A(s,t) = %éds’ .

Cauchy’s integral formula

Fixed 7 dispersion relation

© d 2 2
A(s,t) ~ / ,uz [ . ] Im A(p,t)
A A2 TS (=S8 g . p>A
EFT amplitude IR ~ UV connection UV full amplitude
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DiscA;j ki(s) = Aijori(s) — Ari—ij(s)" = ZZ M x(8)Mpi—x(s)"
X

Ci-0Cs3
2C1+3C2+C3

o
o

[ Cen Zhang, S-Y Zhou ]

20F
1.5F

1.0}

vvvvvvvvvvvvvvvvv

vvvvvv

340
3 -
1A 185
) ® -
-1.0 -0.5 0.0 1.0
C1+C3

2C1+3C2+C3

Jiang-Hao Yu (ITP-CAS)



Complete Dim-9 UV for Ovbb

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

energy
(ria']i) (1, 170) (07070)
(82,82,13) | 501 420 —20s
(82, 89, 11) —205 %01 + %02
(12,12,13) | =401 — 605 205
(12,15,14) 60 —40, — 209

(ri, J;) (1,1,1) (1,1,0)
(33,82, 35) —%(91 501 + 30,
(31,82,32) | —£O4 0
(35,12, 35) —%(91 201+ 20,
(31,12,32) | —20, 0

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

02 — _i(LTu]LT’UZ)(Qpaiucsb)(QTbjucta)'
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Summary

- EFT provides most general parametrization of new physics at different scales
Large Log avoided

UV models Based on fields, symmetry, and power counting
e N scale Lo e
Construct operator bases in each levels of EFTs
Standard model EFT using spinor Young tensor
N sCale. e
Low energy EFT Can also be applied to axion, dark

_____ A QCD | photon, sterile neutrino, dark matter,
gravity EFTs

Chiral nuclear EFT
Pionless EFT

[ Hao-Lin Li, Zhe Ren, Ming-Lei Xiao, J.H.Yu, Yu-Hui Zheng, 2305.10481 ]
[ Huayang Song, Hao Sun, J.H.Yu, 2305.16770 ]
[ Huayang Song, Hao Sun, J.H.Yu, 2306.05999 ]

- The complete UVs can be explored via Casimir projection

Jiang-Hao Yu (ITP-CAS)



Thanks for your attention!



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

47 Jiang-Hao Yu (ITP-CAS)

chiral expansion is perturbative!



