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Why, what, how EFTs for New Physics?



Search for new physics

Two ways of searching new physics: top-down vs bottom-up

Precision measurements

Direct searches

A

Null result at the LHC

—

SM
>
Experiments: Resonance bump hunting at the LHC Experiments: distribution tails at the LHC
Theories: top-down model building Theories: Effective field theory (EFT) description

New physics without new particle
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New physics without new particle

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

Measurements of neutrino oscillation Beyond the current experimental searches
H H v
( >+\ ,_4_( ) Y MR X(H) VL
X
vy, (H) yVv
Cij
X(L,-H)(L]H) +h.c. [ Weinberg, 1979 ] for Majorana neutrino
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“... the effective field theory point of view had
predicted the neutrino masses”

[ Weinberg, 2021 ]
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Standard model effective field theory

The bottom-up approach: write down the most general Lagrangian with only SM dof and gauge symmetry

Uuv

— UV model unspecified

LHC probing scale ==

Top‘iark'
S M E F T Bottom quark
Charm quark
o svange qnn Standard  Weinberg
n quark P MOdeI OperatOl‘
C-.
:vwm —(L,H)LH) +h.c.
3 A( H)(L;H)

Electron

Standard Model Effective Field Theory (SMEFT) provides systematic parameterization of all possible
Lorentz-inv. new physics
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Dim-6 operators

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

[ Buchmuller and Wyler, 1986 ]

Zrrr = ZL9<4 - | | :
A [ Grzadkowski, Iskrzynski, Misiak, Rosiek, 2010 ]

A A?

One important task of LHC run-3 : dim-6 operator Wilson coefficients
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Higher dimensional operators
According to power counting rules, typically the higher dim operators are suppressed

Adim—6 = Adim— 2
A ~ |ASM p a0y dm® | Adim—6|” Adgim-8 Ay

A? A*

Collider searches Low energy precision
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Tower of effective field theories

To investigate various precision processes, it is natural to consider different EFTs to avoid large Logs

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
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Neutrinoless double beta decay (Ovbb)
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Operators for Ovbb

The higher dim operators may play the leading roles on describing Ovbb process
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Dim-6 Operators

[ Buchmuller and Wyler, 1986 ]
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[ Grzadkowski, Iskrzynski, Misiak, Rosiek, 2010 ]
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Moore’s Law on EFT Operators

Number of EFT operators grows very fast for higher dim
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Operators from On-shell Amplitudes

[ Hao-Lin Li, Zhe Ren, Ming-Lei Xiao, J.H.Yu, Yu-Hui Zheng, 2201.04639 ]
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Weinberg’s legacy

Weinberg’s Folk theorem on bottom-up EFT a 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

[ Weinberg 1979 ] symmetry properties.” Weinberg’s QFT book on constructive QFT

Poincare invariance of S matrix tells that scattering amplitudes for n particles

M(paa O'a) — MA(pcu O'a) — H(Daaoﬁ(W))M((Ap)aa 0';) (pm Ua) for a = L---,n.
Lagrangian Poincare + locality + unitarity
Feynman amplitudes On-shell amplitudes
(off-shell, Lorentz transformation) (on-shell, little group transformation)
Field redefinition/gauge redundancies Advantage: no such redundancies
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On-shell scattering amplitude

The spinor helicity formalism has manifest little group covariance with only physical dof

_ _ hohsahs\ ) (12)f7M—h2(23)h—ha=hs (1) hehs=h1 = p < 0
= det(pas) =0 = Pas = Aada = [P)alpls A(1m213%) = {[12]h1+h2—h3[23]h2+h3"‘1[31]h3+h1‘h2, h> 0

hq h, —2h; h, h,
Spinor-helicity A1 - )*1:[% A(1™ - )

Amplitude-operator correspondence
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O —Lla+lo+ (13>2
A(1;2;3;) = fane(12)(23)(31) Aads = FLag, Aads — Fpys £ O o s A1 izt = 12) Ao = Yo
A(11253)) = fane[12][23][31], —> S A1) = 13) E—— V2 Y.
T2 Ao — P,
)\aA Ay A — Ca S S
A(172737) = ((12)(23)(31))? a7 0 A(1+2Es") = (13)(29) ,,
R. PR aﬁR 1% 11 _ wa"u ",DF;W
A(1TT2T3H) = ([12][2 3](31])* e ——— po fpg " Llag A(1‘52‘?3 )_ [13][23]
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Amplitude and operator correspondence

Spinor-helicity SL(2,C) SO(3,1)
¢ € (0,0) ¢
Ao Yo €(1/2,0) (0
Aa A Flog = %FMVUZ; € (1,0) F.
Frag = — 5 Fudl € (0,1).
)\a )\5 )\fy)\5 Ca;fhd: Cpupaaﬁ',;@f’,g - (2, O) R,Lu/pa
)\a S\d Dac’v — Duafia € (1/27 1/2) Dp,

4-pt contact amplitudes:

Little group scaling + 4-pt kinematics + Schouten
(i) A + (kD)X + (GE)A; = 0

5-pt or more?

... + momentum conservation + Gram determinant

p; =0 — Gram(pi, p2,p3,P4,p5) = 0 — 4 p; independent in 4-dim

~.
I o
p—

18

mult. min. dim. helicity conf. spinor structures
3-pt dim-3 SSS constant
dim-4 f s [12]
dim-5 vivTs [12]°
JREisE [12][13]
dim-6 vTvtot [12][13][23]
4-pt dim-4 SSS8S constant; Sij; SijSki
dim-5 frftss 112](s45)
dim-6 vtutss [12]%(s3;)
UBE e B [12][13](s:;)
ol [12](34](si5), [13][24](si5)
& a [12](34) (s15)
Fif s [1(3 — 4)2)(s44)
3-pt dim-5 AR [12]*
dim-6 (BE BE A [12]2[13]%[23]?
tTtty™T [12]3[23][13]
ttytoT [1212]13]°
4-pt dim-6 ttttss [12]*%; [12]*s12

[ Shadmi, Weiss, 2018]
[ Ma, Shu, Xiao, 2019]

[ Durieux, Kitahara, Shadmi, Weiss, 2019]

[ Durieux, Machado 2019 ]
[ Falkowski, Machado, 2019]
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Operator as spinor Young tensor [Li Ren, Xino, Yu, Zhen 2201.04639 ]

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

A - Z Uij)'j’ T Z U—;—;'(/'{k, [ Li, Ren, Xiao, Yu, Zheng, 2007.07899 ]
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Procedure and comparison

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

i 0 1 2 3 1

S|

¢4¢2, FL¢2¢37 FL¢43 F[?w2¢, 0
Fg! Fig?
FLTPT2¢27 FEwT2¢7
$2.02 02 it 4 2,4 412
1 ¢12¢5 ¢ ¢ ¢ ’ ¢ ¢¢ D7 ¢T¢3¢D’ FL¢T¢¢2D, FLw ¢D, ¢ D ) 1
¢°D? VD2 FLAD? FLy?¢D?, F{¢*D?
y L'L

F2F?, FRFy)'yD,
Frupt2y?, F2y2¢, o )
Pite?, Fry263, VI292D? ) Frep?pD?,

0 ¢° 2P

2 VI3YpD, FripT¢?D,
Fio? Fi)2¢D?, FrF,¢*D?,
V12¢3D?, Fro*D?

¢'D*, ¢1p? D?

3
o | Feelt FRut?s, | FRutyD, 41D,
32 Fri26D?, F2¢*D?
: = | S

Step-2
BWHHTD2| #1=3,#2=3,#3=1,#4=1

Traditional method [Hays, Martin, Sanz, Setford, 2018]

BW HHT D?2
1 1 1 3 1 1 1 2 (D*H")HBL, W}, (D"D,H"YHBL,,W}", (D,D"H"YHBL,,W}*, (D, H'")(D"H)BL,,W}", (DH)aa(DH) 33B155)Wiien) 0B 0B A b1 BP
(D,‘H")(DVH)BLVPWE”, (DI’H:)(D,‘H)BL,,,,VVI‘J‘/” (D,,LH::)H(D“BLU/))“"Z/’, (D;LHT)H(D"BLW:)WZ"- (DHf)a(f\(DH)UBBL{'}'(S}‘/I/L{f‘l]} %5“'3655(6"76‘3" +€37€an) L
(D" HY)YH(D,By,,)W, (D, H"H By, (DA (D) HBrup(PY W*), (DY HY)HBL,,(D,W]"), EOM s o .k aBs G
(AT . af af AE O B 4! o3 DH .
212124 212134 2 HY(D*H) B, Wi, H'(D" D, H) Buu, Wyl BB PEE) By Wi H' (D" H)(D, B, Wi, (DH )as H (DBL) (yspalingenpet et <™ ¢ L™ Weas ( )5
Step_3 HY(D* H)(D,BLu,) Wi, HY(D,H)(D* Brup) W @ﬁ@ BuopDuW;?), HY (D H)BL,(DWE"), (DH")as H BL{»:')}(DWL){37 BBt BLo?Wia" ( H)._
v ” O
HY(D,H)B,,(D*WE*), H'H(D?By,,)WE", H! ) WEE, HYH(D,D" By, )WL, H' (DH)aa (DBL), 45y sWin) BB € on L
HH(DBLo,)(DWY), HYH(D” Bpy,) (D W0, HVHD, By DY W1®), HH By, (D*WE), H' (DH)ag Bren) (DWL) 3,5, 5 € €6
H'HB,,(D"D,W{’), H'HBL,,(D,D"W{"). (14) H'H (DBL){ap},6(DWL) (5 ; ¥t Hnend
afv},é né},/

(13) (13) (24) [34] (12) (13) (34) [34)
BL*"Wiras (DHY) 4 (DH), %, Br**Wi," (DH'),. (DH),“ 20 Jiang-Hao Yu (ITP-CAS)
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SMEFT operator bases up to dim-9

ZLrrT = ZLg<4 - i

Standard Model Effective Field Theory

Dim-

Dim-

! !

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

[Weinberg, 1979]

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

[Lehman, 2014]
[ Henning, Lu, Melia, Murayama, 20157
[Liao, Ma, 2016]

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

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

21

Low Energy Effective Field Theory

SU(3) x U(1) gauge symmetry

Dim-

[Dirac, 1932 ]

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

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

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

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

Jiang-Hao Yu (ITP-CAS)



Operator Bases for Generic EFT up to All Order

Amplitude Basis Construction for Effective Field Theory

[ Li, Ren, Xiao, Yu, Zheng, 2201.04639 ]
https://abc4eft.hepforge.org/

Home
Repo
Downloads
Contact

Welcome to the HEPForge Project: ABC4EFT

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

Package
This package has the following features:

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)
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Lorentz

———> (lasses

Invariance

Gauge

Invariance

¢

Types

|

Repeatedw
[ Field J

Fully Automatic

Dark matter EFT
Sterile neutrino EFT

Gravity EFT
Axion EFT

Jiang-Hao Yu (ITP-CAS)



Gravity Effective Field Theory [ Donoghue, 1994 |

Curved space

9" (z) =

o

ot'=e",(x) o

o”d(i"dﬁ—l—a"ad&“dﬁ: —2¢"(z)1,”

Tangent space

e"s(z) €’p() n“b

(81

ab _cd

vV a
Raﬂ’ﬂs: RN»VPU aB” 46 — Rabcda'agdfﬂs

1 1
R,uupo = YGulp RO’]I/ — 9up Ra]u - §g,u[pga]uR + CL;u/po + CRpu/po + gg,u[pga]uR'
(1,1) (2,0) (0,2)
(0,0)
dimension class amplitude operator
dim-6 C? o) 13- s Bl elatai el |
. Cﬁ <12>4 <34>4 CLHVPUCIIpra CLM&T Cﬁn&
dm8 e e 1) (348 ¢ e o
I R Luvpo VL, RAnéTVYR
CiD? | (12)* (34)° 534 1 ladadinilel Ry 9l
o (12)° [34]2534 ¢, be Do
Cb | {12)" (34)° (35)" (45)" | CLuwrpClLruaxCL"™ CL"**Crye
CECL | (127 (13 (2334 | CriwrsChropnCt” O P Cune™
dimension class amplitude operator
dim-6 CLF? 54243 (12)2(13)2 6. . GG
2 12 0 (12>4 <34>2 CLWPU CLWPGGfAC Gé)\c
dim-8 CLk 54344 (12)% (13)? (24)° €L 0 G
C‘?{F I? e (12>2 [34]4 CRuvpo CRNVPGGI/} AC Gﬁ)\c

[ Hao-Lin Li, Zhe Ren, Ming-Lei Xiao, J.H.Yu, Yu-Hui Zheng, 2305.10481 ] ,,

Gravity EFT and Dark Matter EFT

Dark Matter EFT

xSMEFT, Scalar dark matter

Sterile neutrino, Fermion dark matter

Vector Dark matter

Singlet dim-4 dim-5 dim-6 dim-T7 dim-8
3,2 | L(51 1241n2
+3n% + Tn} +42n7 4 661n7)
Real

L (516 + 108502

w/ Zo - - 10+6nfc nf +nfc o

Scalar +18’n:} + 397n‘})

58 + 25,2
Complex ) - 12 + lln? ng+ n?c AR
+3n% + T
- =2+ 8ny $(12+14n; 18 + 68n;
w/o Zio %
Majorana / rile neutﬂnf 913n§ +9n% + 25n7) +56n% + 181n}
Fermion

w Zso - 2 2 4 5n% 4(4 + 3n3%) 18 + 2n + 57n?
Dirac - 4 7+ lOn?c 22 + 2872% 43 +ny + 113n?
L 13529n2
w/oZy | 4+5m2 | - 37+7in | 4(8n2 4 7ng) | 20030 +13020s

+6n% + 4477n})

Real
1(1152 + 2503n>2
w/ Zy 2 - 22 + 21n3 nf+ ns e
Vector +231n})
1(1617 + 2579n2
Complex 3 - 51 + 4277% n?e 3 . i
+3n% + 346n7}

[ Huayang Song, Hao Sun, J.H.Yu, 2306.05999 ]
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, 2210.14939 ]
Huayang Song, Hao Sun, J.H.Yu, 2305.16770 ]

[ Huayang Song, Hao Sun, J.H.Yu, 2306.05999 ]
[ Chuan-Qiang Song, Hao Sun, J.H.Yu, 2404.15047 ]
[ Xuan-He Li, Hao Sun, Feng-Jie Tang, J.H.Yu, 2404.14152 ]

o B o T

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

Matching
Standard Model Effective Field Theory s
Running

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

(bO* ¢+
Y = (¢°,0) = ( o o >—> . T gk

®= (g o) #0

Electroweak Chiral Lagrangian

1 1 0 4
/5 ¥ ¥
b= —53 =| V°
V2 20

SM fermions, W/Z and Goldstone

SM Fermion masses from Higgs VEV

Low Energy Effective Field Theory

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

dr,— 9L 9. 9r—~ 9rR 4R,

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

QCD Chiral Lagrangian

¢

A
V2

-

o+ K+
Lﬂ0+ 1
V2 V6 'l

KO
RO /21

meson and baryon

Baryon masses around cutoff scale from Trace anomaly
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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]
260 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% '

27 Jiang-Hao Yu (ITP-CAS)



Massive On-shell Amplitudes

Little Group = U(1), helicity-spinor Little Group = SU(2), spin-spinor
_ Iy I J
Py = Aaky = [D)alpl = My = el [0
A — e_if)\, X — €T Mo 5yl a/e XM — Ul )\
oo W (ol 1 (o p”)
V2(X¢) V2[X(] 8 V2m
C -~ C & Q
_|pI>a pI>a
Spin-s = 2s symmetrized LG indices
(L Iy, IsJs) _ 1 Is| s |75
ewl 6#2 oo eus (\/§M)25< |Gﬂ |1 ]<1 |O'/i |1 ] < | | )]

Bolding (13)(23) <113K1><2J3K2> n <1I3K2><2J3K1>

[ Arkani-Hamed, Huang, Huang, 2017 ]

28 Jiang-Hao Yu (ITP-CAS)



Massive Amplitudes

Little Group = U(1), helicity-spinor
Do = Aaks

I +I —TI

Pals; M= - Aug
A — —i—A X_> iﬁ’)"\ Aa:ﬁaC—I‘l_)\dC—l_I
e 'z )\, e’z \.

o WoN  ould] basis in 2-dim little group space
M ) 7
V2(X¢) V2[X(] (; = (;) and (; = ((1))
Aa = @(z)’ Ao = @C) 2 null spinors in spinor space

— 3" —8
e = E—p( ) Mo = E—p( )
C C

Poa — >‘ 5‘ C ICI _I_T,anac_'_ICI
= Aa 5‘ + Mg
Unbolding : ,
V2 (2] iB.E;
29

= (1772)

Little Group = SU(2), spin-spinor
NIy I J
)‘a)‘ﬁj 6IJ‘p >a [p ‘5
Mo gloe X% 5 Ul e

E,'IJ _ <p(1’0-/i‘pj)]

: \/§m

oy (1ed® (e
(p) (\pﬁa) (p) (pz)a)

Spin-s = 2s symmetrized LG indices

LJi I,J IsJ 1 oI o] ol o o] o]
eNiehdy € 5) = v <1( oy, |i 1] (1?0, |17 ...<1S|0'“S]1 5)]

1 M2 s (\/§M)
Bolding (13)(23) o (173%1)(273%2) 4+ (173%2)(273%1)

) [ Arkani-Hamed, Huang, Huang, 2017 ]
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Massive Amplitude Basis

[spinor structures S }J [ Lorentz invariants ]

P-matrix — _— removing 5.3*11 removing local
redundancies redundancies
CFTs spinor-structure stripped-contact-term appending
counting bases (SCT) bases positive powers

N

map to
[ Durieux, Kitahara, Machado, Shadmi, Weiss, 2020 | operators
7 ) Di ) ) Pi 1 Di pl 2 pl
= +
. J ) e 4 2 4 sz 4k7p2
3 3 3
z Di Z D z f)z n )
) \ 1.
/f/pz — / bi + Di 9 Do 5
k Y k K~
J J J

[ de Augelis, 2022 |

30

SU(2), Young tabular

A complete set of
d’({esi}) bases

U(N) Young tabular

%.

A complete set of
G(|jl, 17),p;) bases

A complete set of

A bases

[ Dong, Ma, Shu, 2021 |

Massive-Massless Correspondence (using Goldstone)

h=0 ,\’":\’“—>(/\J5\J)r S=0,n=0
p=—i Ax X (WA) S=hn=0  ©DW
h=1% AAMT — ()\JXJ)T S=3,n=1 & D"

2 2
o ey ™ (o~ ) (12) - [12)
tow ™ tho™
Spurious pole
= mass singularity Goldstone equivalence

Our treatment
o (13](23) Lo (13)[23]

Jiang-Hao Yu (ITP-CAS)



Goldstone Boson on-shell amplitudes

Chiral symmetry (PCAC)

At low energy

a—

<

a+nm— B+ nemw

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

Amplitude (soft limit of external leg s)

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

|
2

|
2

Adler Zero condition [ Adler, 1965 ]

T(a+9(p),8) = —22 R*(p) —222 . 1)

3!

1

—
M=o

DO | =

SO | ==

|
2

M | -

1

Do |-

Expand the soft-limit amplitude into the SSYT basis

Put constraints on the SSYT basis

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

|

!

o |-

2

2 |,

—

SO =

|

|
2

|

|

1

S bO | =

31

[ Sun, Xiao, Yu,2210.14939 ]
[ Sun, Xiao, Yu, 2206.07722 ]
[ Low, Shu, Xiao, Zheng, 2022]

custodial/chiral symmetry breaking: spurion

Jiang-Hao Yu (ITP-CAS)



Spurion Technique

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

f,'€2~

(,‘jfj € 2 ~

flT-lk(kj - 3~

t

TIT.I
3®3

Littlewood-Richarson rules

k
T! ! i€kj €

1,

T ...TLY € spin j

— 2517 + T[ITI]

1 +

+ TUT),
+ 5.

Symmetric highest weight

K 29

\ Gauge Singlet /

SU(2) ~

32

6I.II\’ TITJAI\'

[ Sun, Xiao, Yu, 2206.07722 1]
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EXternal sou rces Equation of motion is allowed

N ,r,'+h,-
d . - 5 b a;

Operator OF = (€8, )®" [ [0, )7,
i=1 i

(1992)(D*FR5™) (D Frayy) ~ . ot 1)2 i i ritl %y 1
192 R3")(Dul Ry D' 1/2wi(o) o /1", /1”’1““1/2, D' Fr, © ,{i AT

[ Ren, Yu, 2211.01420 ]

l

N
ig. g,

— JEP ineltdleln ) _j=§;éi a1l

s - TTN ”'_h"”i,r-+h-
(ea,aj)®n(€didj)®nni=1 A.l 1/1 ; i

l

VD VPG VIS VIS VIS VPSS VAP VPSS VD VA VR W Schouten Identity

<zleml><]mg kﬂ?k) — _<Zmz]$g><k$kll'z> + <zmzkmk><~7mg lmz)

A1,1A3,1A1,1A3,1,  A1L1AL,1A1,1A4,1,  A2,1A3,1A2,1A3,1,

A4,1A42A4,104,2,  A1,1A2,1A1,1A2 1,

A2 1M1 A2, 1, A31A41A31 041
dz' - {1,2,- .. ,dz}}

A2,1A2,2A2,1A2,2,  A31A32A3.1A32, A4,1A4204,1A4,2,

: ) = y V.o == : o i 7YY . 5 ~ N ~ ~ T~
DiaiDps = D, Dval“daﬂlﬁ' D €qpeap + 2[0/” D, J€ap(67 ), A2,1A3,1A2.1A3.1,  A21A4,1A2,1A4.1, A3,1A4,1A3,104,1.
D[aaWﬂ] =D O'H l[/ﬂ] = —€aﬂ( I),“()'“l// )(1'7

M |aa

H v

_ ! VP _ M
DiyiFrpy, = 2D;« FLyvpO1aiOp1y = ID"F1Lyuv€apOygs Jiang-Hao Yu (ITP-CAS)



Chiral Lagrangian for QCD and EW Theory

gEFT:%2+¢%3+°%4+%5+%6+...

ChPT and Chiral EFT

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

EW Chiral Lagrangian = HEFT

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

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

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

[ Li, Sun,Tang, J.H.Yu, 2404.14152 ]
NLO 2-fermion [ Buchalla, Cata, Krause, 2014 ]

[ Ecker, 1994 ]
[ Fettes, Meisner, Mojzis, Steininger, 2000 ]
[ Oller,Verbeni, Prades, 2006 1]

[ Frink, Meisner, 2006 ] NLO 4-fermion

[ Jiang, Chen, Liu, 2017 ]

[ Buchalla, Cata, Krause, 2014 ]
[ Pich, Rosell, Santos, Sanz-Cillero,2015,2018 ]

O = (@ % Tar,) @, 7" Ut Ugry ) FGM (h),
[ Song, Sun, J.H.Yu, 2405.15047 ] e R [ Sun, Xiao, Yu, 2206.07722 ]
nuc eon nuc eon . ""1‘-:’: (s ‘, ‘Lp)(q[dl ,“‘r)}-lfhr,!-() .
[ Weinberg 1990 ] _Gte[mm[ssmg
[ van Kolck, Ordonez, 1992 ] O o T s RO,
. O = V™ (Tl )on (T ran) (ana Carct) Figs” (h).
[ Petschauer, Kaiser, 2013 ]
[ Petschauer, Haidenbauer, Kaiser, Meisner, Weise, 2020 1] NINLO Basis
[ Sun, Xiao, Yu, 2210.14939 ]

[ Sun,Wang, Yu, in préparation ]
34 Jiang-Hao Yu (ITP-CAS)



Axion and Dark Photon Effective Theories

Axion,ALP and Majoran EFT

Dark photon EFT

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

Goldstone for the PQ symmetry Stueckelberg mechanism

1 1 1 1
Lsmeck = — 5 Xw X" + Smk (Xu - — ﬂ”) (X“ ) _(%)
aff fa mx mx
1
— E(BMX“ + mxm) (0" X, + mxm)

Ag[aVV]=cawfi;(<1z>2—[1z]2) As[aff] = Cup L (12) — [12]) 4 >

9é ~ . 9oN = Joe _ ( _ 5
Ling = —f¢FuuF“ + o LWO(NYHysN) + o, Oup(evyse) — §gd¢NUWW5NF“’

[ Song, Sun, J.H.Yu, 2306.05999 ]

Real F

Class Type Axion Majoron
B?s sBr, ., Br"" W . .
F2g Wis W W = Dark photon chiral Lagrangian
G%S SGLAMVGLA#V W .
e.HLs sHTi(echri) W 1 U — Zm_
. x U(1 1 — € "X
¢2¢2 chTQS SHTz(deaQrm') Y U( )L U( )R — U( )V
HQu,s €’sH;(Q, S U, ) W 1 m2 1
: / - | X T o2 2
D2¢4 DZHHTS2 (DMS)(D“S)HiHH % Stueck — —ZXIU'VX/JIV | 2 (D,LLU) _DIJ'U — 2_6(8/1'X'u - meX 111 U)
DF, 00 DBru.uls ('D,,s.)BL’“’ (-uc;,“'a’“ul.r;) v
. DBLQQ's (Dys)BL" (QpgiouQ",™) 4 ¢ =1 — Stueckelberg Lagrangian
Dd.L*u}, . r[s] :
U (DR L) Legotiy)  —o— / § = 0o — ProcaLagrangian  Dark photon DM

Majoron, Goldstone for LNV, leading order at dim-8 Operators up to dim-8

35 Jiang-Hao Yu (ITP-CAS)



Complete EFT Framework

Complete EFT construction from on-shell amplitudes at different scales

>
New physics scenarios, SUSY, ... S
&5
....... NP Seale- A
—
L
W
Standard model effective field theory =
rmee e VN - S, | O - - o e e e e e e e e e e e m e mm e mm i m i m o m i m i —— ~100.GeV_ 1<
E dim — 3 dim — 6 dim -7 dim — 9
. . . - E' mgg : v — v d — uev d — uev) @ 0 dd = uuee
Electroweak chiral Lagrangian with Higgs & 1
_______ My, 1GeV |
....... .AQ@.D-
5
MeV.scal 238 [z [V Maga T
""" A S 280
~ 1 MeV =

975,07 — 0t)

Chiral nuclear force and nuclear matrix
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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, 2307.10380 ]
[ Hao-Lin Li,Yu-Han Ni, Ming-Lei Xiao, J.H.Yu, 2309.15933 ]
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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)



Neutrino Masses

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

7

Jiang-Hao Yu (ITP-CAS)



Seesaw tree-level 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 of amplitudes

40 Jiang-Hao Yu (ITP-CAS)



Conformal symmetry of amplitudes

Little group operator
A= tA A=t
A(1honty 5 T2 A ont)

Pauli-Lubanski operator

D, P,] = —iP,,
D, K, =iK,,
[Kw P,| = Qi(nyuD + ]wuu)a
(M, Kp| = i(Mup Ky — mupKy),

Spinor representation

Little group J Special conformal K

3-pt/4-pt Y-basis

pe° =Z/\?S\? —iD =n+ %Z(,\?am +;\?51'd)9

Koo =1 diadis —iMas = ) _ Niadis + Xipdia,

W.o = % (1’031\-]“2., — 1\1(,3 P:m) — 2'1\-1(-13 = Z X:’d 5,—3 -+ X,—g(id.

Pauli-Lubanski W Dilatation D

J-basis Anomalous dim

New framework for EFT programs!

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"

42

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)

43

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)



Complete Dim-6 Tree UVs

Notation S So S3 Sy Sr Se S~ Sy
Name S 81 82 @ = El @1 @3
19 Irrep (17 1)0 (17 1)1 (17 1)2 (172)% (173)0 (173)1 (174)% (1’4)%
Notation Sy S10 S11 S19 S13 S14
Scalars Name Wy w1 w2 I, 11, q
ep  (3,1)_s B1)_; (31 (3.2 (32): (3,3)_,
Notation S1s S16 S17 S1s S19
Name Qz Ql Q4 Tl ()
Irrep (6,1)_% (6,1)% (6,1)% (6,3); (8,2)%
Notation Fi F5 F3 Fy Fy Fs F~
Name N E° A AS ) 29
14 Irrep (1,1)o (1,1)1 (172)% (1a2)% (1,3)o (1,3)1 (1’4)%
FermionsNOt&tiOn Fy Fy Fig Fiq Fio Fi3 Fi4
Name D U Qs Q1 Q7 Ty T
Irrep (3,1)_% (3,1)% (3,2)_% (3,2)% (3,2)% (3,3)_% (3,3)%
Notation | %] Vo V3 Vi Vs Ve V-
Name B B cl 2% U Us Qs
14 Twep (Lo (L1 (1,2); (L3 G1): B.1): (3,2) s
Vectors "Notation V& Vo V1o V11 Vis Vis V14
Name Q1 X y{ y§ g g1 H
Irrep (3, 2)% (3, 3)% (6, 2)—% (6, 2)2 (8,1)0 (8,1)1 (8,3)0

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

Propose new way of searching new physics

LHC search these 47 resonances!

which covers all dim-6 NP scenarios

Vector £1(1,2)1 and vector Wi (1, 3);

2

¢1¢2Duv'u

[ de Blas,Vriado, Perez-Victoria, Santiago, 2017 ]

Jiang-Hao Yu (ITP-CAS)



UV-IR Dictionary

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

) \ (LL)(LL) (RR)(RR) (LL)(RR)
(Lyule) (Ly*Le) (pvuer) (s er) (Lpyule) (€7 )
(@ Yu9r) (37" 1) (py,ur) (s uy) (l_p'Yulr) (@sy"ue)
(@7 4:) (@7 q1) (dpy,d,)(dsy*dy) (Lyyuly ) (dy*dy)
(Lpvulr) (7" 4e) (Epyuer) (s ue) (@ vuar) (€7 er)
Loyt 1) (@ " ) (Epyuer) (dsy¥dy) (@) (s ue)
(Tpyuter) (dy*dy) (@7 T g ) (@ T uy)
(@, Tu,) (dy*Td,) (@ Yugr) (dsy*dy)
(G 7uT"q-)(dy*T"dy)

X3
Q G fABCGﬁ"Gf”Gg"
. fABCéﬁ"Gprg“
Quw | KWW WK
Qw |eVEWIW]ewk

% and ¢?D?
Q, (p1p)?
Qo | (¥'9)D(e'p)

(' D*p)" (¢! Dyp)

Qe (e'e)(lperp)
Quy (¢! ©)(Gpur®)
(©'0)(gdre)

p?*D

(1) D J Ak
Qu | (P"iDyp) (L")

(3) t-BI T rlnm]
Qcpl (80 t I QO)( pT Y f‘)

>

Qe (‘PTiDu ©)(€pr"er)

(1) t: D = Al

va | (P"1D, )@ er)

P X
Quc el GG Qew | (Lo e, )T W],
Q. | ¢'0GLG™ | Qs | (I,o"e)pBu
Qew | ¢loWLW™ | Que | (30" T*u,)@G;,
Quiv | ¢ WaLW™ | Quw | (@0 u)T'gW]

(LR)(RL) and (LR)(LR) B-violating
Qledq (Lher)(dsal) eMeji [(dy) Cuf] [(q27)"Cl]

- v, \% (3) T N5 | .
Qen ol Ij,wB"" Qus | (30"'u,)P By va | (Pl D‘ﬁ ©) (@7 7" qr) Qi | (@ur)ejn(gdy) e*®eji. [(g27)TCqP*] [(ul)TCey
Q.5 'p By, B Qic | (Gpo"'Td, ) Gul ||| Qou | (#"iDyp)(@py*uy) QWY o | (@T u,)eu(@ TAdy) e jnerm [(92)TCP¥] (7™ CIP]

g -
Qpa | (¢'iDyp)(dyy'd,)
z({b’* DM‘P)(ap'Y"dr)

Qeowp | ¢'T'eW,,B"™ | Qaw | (go" d,)T oW,
QtpWB Wt’rlso W}{VB e QdB (QPO'“udr)QO Buu

Qegu | Ber)ejn(@hu) e [(d3)"Cur] [(u3)" Cer]

lequ

| Qi | Boywe)ejn(@Eom w,)

Q
2C
\
\
\
\

Q
=2IC
\
\
\
&

If excess, then find UV O v B

G
T
D 1
\
\
\
\

S
e
\
\
\
\
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Vi|Va | Vs | Vo | Vs | Ve | Vo | Vs | Vg | Vig| Vi1 | Viz | Vig | V14
- = Oy v v
UV-IR Dictionary FATACAMRE;
) ) Owp | V | V v
[ Xu-Xiang Li, Zhe Ren, J.H.Yu, 2307.10380 ] O | v | v %
S1 | So | S3|Ss|S5|Se|Sr|Ss|So | S0 |S11]|S12]| S13 | S1a| S15 | S16 | S17 | S18 | S19 Ouwr |V | ¥ v
On | v AT Out | v | v v
Owo | vV v |V Ogl) v
Oup v |V ng) %
OeH o \/ \/ \/
Oye | V
ouH . v v v (1) ‘/
odH " \/ \/ \/ Ogg
Ou v v O v
9%, v 7 7 ” Ot | v
o5 v v Vg v Opa | v
Ol(;) v v Olud v
OS) v v Ou v v
o | |17 o v S
D ‘ ' O v v y
Oud v v Ol(l) v v v
Oeu v (%)
Oed v Olq v v v
01(43 v v Oee v
0% v v Ows | v o
Ole v Odd v v
Olu \/ Oeu \/ \/
Oud v O | v
O v o |vi|v v
Oou v v (8)
Og‘) 7 Ole v v
%g) d Ow | vV v
qu j 4 Ou | v v
o : > - 05 1 v v
on O v el
Olequ v v v (1)
(3) O4 | vV v v
Olequ v v %8)
Oduq v qu v v v
Ogqu v Oledq v v
Oyqq v v Odugq v |V
Odun | 46 Ouen o (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]

Jiang-Hao Yu (ITP-CAS)



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)]

48
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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)]
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Complete Dim-8 Tree UVs

Typ%{D él %ly H]y HT]HiHj(DuDVHTi)(D“DUHTj)a
of = [T Iuly JHY Hy(Dy Dy H;) (DD HY ),
0f = V[ V[ Ju1]Hi(DuH,;)(D,H")(D" D" 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! —10] +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

[ Li, Ni, Xiao, Yu,2309.15933 ]
[ Yang, Ren, Yu, 2312.04663 ]

© 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

49

DiscA;j ki(s) = Aijori(s) — Ari—ij(s)" = ZZ M x(8)Mpi—x(s)"
X

Ci-0Cs3
2C1+3C2+C3

[ Cen Zhang, S-Y Zhou ]

/.1\
a0 3s
o3
1A 1S
o @)
-1.0 -0.5 0.0 0.5 1.0
C1+C3

2C1+3C2+C3
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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,-.6)2) ——01 0
(35,12, 35) —%(91 201+ 20,
(31,12,32) | —20, 0

[ Li, Yu, Zhao, 2311.15422 ]

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

NP Scale

EW scale --

Aqcp

MeV scale ...

Bottom-up UV Resonance Completion

Standard model effective field theory

Electroweak chiral Lagrangian with Higgs

Low energy effective field theory

Chiral nuclear force and nuclear matrix

[ Hao-Lin Li,Yu-Han Ni, Ming-Lei Xiao, J.H.Yu, 2204.03660 ]
[ Xu-Xiang Li, Zhe Ren, J.H.Yu, 2307.10380 ]
[ Hao-Lin Li,Yu-Han Ni, Ming-Lei Xiao, J.H.Yu, 2306.15933 ]
[ Yong Du, Xu-Xiang Li, J.H.Yu, 2201.04646]

[ Hao-Lin Li, Z
[ Hao-Lin Li, Z

ne Ren, Ming-
ne Ren, Ming-

i, Jing Shu, Z

_ei XiaO, joHoYu, 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 1]

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

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

[

—ao 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 ]

QCD chiral Lagrangian with heavy baryon [ Hao-Lin Li, Zhe Ren, Ming-Lei Xiao, J.H.Yu, Yu-Hui Zheng, 2105.09329 ]

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

[ Xuan-He Li, Hao Sun, Feng-

ie Tang, J.H.Yu, 2404.14152 ]
[ Hao Sun,Yi-Ning Wang, J.H.Yu, in préparation ]
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Thanks for your attention!



