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Search For New Physics

We are searching for new physics at both high energy and low energy scales
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Three ways describing new physics

New Physics Scenarios El!ective Operators

SimpliPed Models
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Top-Down Approach

Given new physics models, integrate out heavy particles and match to SMEFT

New Physics Models
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Decoupling theorem
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Bottom-up Approach

Investigate new physics effects assuming no new particles

General but harder way: new physics without new particle

[ Weinberg 1933 - 202]L

a [olk theorem: “if
one writes down the most general possible Lagrangian, including all terms
consistent with assumed symmelry principles, and then calenlates malrix
elements with this Lagrangian to anv given order of perturbation theory,
the result will simply be the most general possible S-matrix consistent with
perturbative nnitarity, analyticity, cluster decomposition, and the assumed

symmetry propertics.”

WeinbergOs Folk theorem, 1979
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SMEFT

Standard model effective beld theory (SMEFT)

UV model unspecibec
LHC probing scale

oD srange o Most general Lagrangian with Lorentz and SM gauge symmetry
Nusn
s B
K LEFT = Lp<a + =~ +...
Electron

power counting: canonical dim.

SMEFT provides systematic parametrization of

E all possible Lorentz inv. new physics!
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SMEFT Operators
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Dim-6
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Higher Dim Operators

new physics without new particle: neutrino masses and baryon asymmetry

B and L violation

7 \{
O

X A

l’ > 19 | L4516 JRESE: o 4218 n-nbar oscillation

0 > ny /7 Instanton

\
S DN
' a' 1 LY i L
w) ln’ r W . ! /
\ ; d d
"\ ’ _
. )
" s J
-, - ’y . S BN > - c \ {
! , \

025 0145

[ Heeck, Takhisto\v2020

dim-8: neutral triple gauge couplings
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SMEFT Operators

Very different types of operators contribute to the same process
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0 Dim-5 o Dim-7 0 Dim-9
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Ddct Lt2 uc dct ec Ht Lt uc WL det ec’uc?, deL“QQ ucl, det ec Lt Que*, L° Q% uc

Need write down complete set of operators up to dim-9
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SMEFT Operators
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Also [ Lehman, Martin 2016
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Given numbers

Main Difficulties

of Independent operators

Still difbcult to write down explicit form of operators!

Derivatives

BW HHTD?
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SMEFT Dim-6 Operators

First write group-inv. operators (over-complete) and then remove redundancies

tedious and prone-to-error
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Operator as Spinor Tensor

Each beld belongs to Lorentz irrep:

SO(3,1) SL(2,C)  su@y! suE) Spinor-helicity
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Operator with explicit spinor indices
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Easier to bnd more symmetries of the operator with spinor indices
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Equation of Motion

For belds with derivatives, symmetric and antisymmetric indices:

] | 1 S |
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Only take the symmetric indices part for Peld with derivatives
EOM, covariant derivative commutator, Bianchi identity all removed
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2

with totally symmetric spinor indices

[ Similar treatment: EOM removed by taking highest weight rep. |
Also [ Lehman, Martin 2016
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Spinor Tensor Transformation

Any operator can be written with totally symmetric spinor indices:

. N dri+hi
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Epsilon tensor transformations under SL(2,C) x SU(N)
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Integration-by-part
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1 the sum over i means a total derivative

We obtain Young diagram using epsilon tensor transformation

[Such Young diagram also obtained from conformal K harmonics]
Also [ Henning, Melia, 201P
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Young Diagrams

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

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

We invent a Young diagram Plling procedure  to obtain independent Lorentz

n Semi-standard Young tableau (SSYT)
e —
,
Yyma = 4: oo s _EN
N1 = | (1,052 .. N . N
\U Li = fi — 2h;
Tl

Semi-standard Young tableau forms a independent and complete basis for a type

(n=1,n=23) #1 =3, #2 = #3 =2, #4 = 1. #1 =3 #2=23 #3=1and #4 =1
l 1/1]1 1 1 3 111113 1112
21313141 22|34 2(2|2|4 212|3|4
F'*‘*D ’*4D2‘ a3 D Dd Cx 3 3
F QDZ Fl‘"p' D2 L1 ‘*2 ( l’"":‘)m"ﬁi ( P4 )’}‘ Fle FL‘Zn,‘%(D(f):i) "d(D(j)-l)'y”
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On-shell Amplitude Basis

EFT operator = Contact amplitude = Group invariant + little group scaling

(if) = A€,

: [1}\ /\-,; C/\_'.‘

(L, e, )T W] PP [14][24]

v

[ Shadmi, Weiss2018
[ Ma, Shu, Xiao2019

Cannot deal with IBP for more than 4 particles! | | |
[ Durieux, Kitahara, Machado, Shadmi, Wei2319

We provide a systematical algorithm to deal with EOM/IBP redundancies

Young tableau provides on-shell amplitude basis for effective operators

(-*');W’ (e oD L) DV

1/112 ANy - —
213|311 i~ (i) (13) (13) (24) [34] e ifes (103 (D3), 54 (Déa)., @
T (12) (13) (34) [34] F{{ Y20 (D) 5 Vi (D)., @
(v )W (eepo Ly ) D* D HY
Amplitude-Operator correspondance
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Different Operator Bases

Effective operators can be written in different bases, even redundant basis

Buchmuller&Wyler:

1 .
O;);lziD,,(HTH)D"(HTH). O\ = (H'H)(D,H'D"H), O\ = (H'D*H)(D,H'H).

Warsaw: Oyn = (H'H)O(H'H), Oup =(H*D,,H)T(H"D"H)-

v g g
SILH: o) . =p“H'HD,(H'H), 0%, =H "D'H)H'D ,H),
Amplitude-basis (ITP-basis) traditional-basis (Murphy)
OF) iapey | HiH;(D,D,H')(D*D"H) og;.l (D, H''D,H;)(D"H' D*H;)
OF) vape» | HiH'(D,D,H;)(D*D"H') 0?2 | (D, HYD,H;)(D*H'" D" H;)
O ypiape 5 | Hi(DuH,)(D,HIY(DEDYHY) O | (D*H' D, H;) (DY H' D, H;)

How to perform the basis conversion? (useful for CDE, etc)

Basis conversion can be easily done in our amplitude basis
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On-shell Amplitude Basis

Any operator (non-SSYT) can be converted to the SSYT basis systematically

Our on-shell amplitude basis = SSYT basis

OQon -3 0 :
OS) . % 0 ( H([]
1

)

O3

Reduce any operators to our ITP-basis
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Young Tensor Method

Traditional method

BW HHTD?
[ Hays, Martin, Sanz, Setford, 2018
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Young tensor method (No need EOM&IBP)

BW HHTD?

H1 =3, 42— 3,431,441
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(13) (13) (24) [34]

' CY1€Yy Y1 €ro Y30y, :2 ' 0 0 ey e Y
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On-shell amplitude basis easily and systematically

How about gauge structure?



Gauge Structure

Gauge structure (internal sym) Is easier than Lorentz structure (spacetime sym)

Dim-6 four fermion B-conserving operators: 25 | S |
[Grzadkowski, Iskrzynski, Misiak, RosieR01(
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Buchmuller&Wyler wrote 29: 5 redundant operators (Fierz) + 1 missing

7 NS \ pier ef
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Fierz identity for SU(N): | 2_(Z)i(Tu)u = ude; — 0::6

U(N) trace relation @
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Gauge Young Tensor

How to obtain independent and complete gauge structure systematically?

g-2 dim 8 operator

(1 ) W, (e.po™ Loy) HY (H'H)

Add H H

(l (I’“’P,)T ,oH WeeLHH!

>

[z

?

We invent Littlewood-Richardson method at Young tableau level

LWl [l ], L [k, He: [0, HYHE: [m]n

T 155 T T Lililglkellmin)|iljlk| dlagmen  WILH™ (H'7H)
[ [ lm|n
‘. k NEAF; / il e|imin i1 - | |
L i L ’ e 4 o 6”\'6)'”61” (TI): ”vI LA]IU (11111)
Find another g-2 dim 8 operator: W/, (ecpo Ly) HY (HT7TH)
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Flavor Structure

Concerning 3 [3avors, operator forms a [3avor tensor in [3avor space

O|(d) I O|(g|)’ Opr = (TI); ‘,‘;,{U (ecp D" Lyi) DYH'I

If repeated belds, 3avor tensor obeys certain symmetry structure

= vi 7 37 rrk !
Opr — Gikfjlfa,BL?’L?,JH H

)

Symmetric under [3avor permutation

" =3 . ! 37 ! L
(.;‘g;c_,:;c‘.,‘,q[,-;}'L-j:’ et = C;,'.',C-.:.A:C.-w"zL}fJLf mimn”
=05 - 7

= eik€jteag LY L7 HE H'

r
- A g oa gk gl
= —€ik€jicapl, L H"H
. 3 5 . 1
o ftkfjlfcui'L:}‘L;;"H“H \

Impose Ravor relations

LH _ ~LH
Opr' = Opp

Jiang-Hao Yu (ITP-CAS)




Flavor Relations QQQL

This is the second di"culty to write down the independent EFT operators

B-violating
Qutug cB7e [(d" e u,] [c'qf'~-’~"(fi’:]
Qaau A [.qw(v k] [(u2)TCey] [Grzadkowski, Iskrzynski, Misiak, RosieR01(
| e eseem [P FCu] [yCH]
Qe e‘*"*n:.-'s,.j-&..\-.-!..-.,.,...g [nq:‘,’(“q'“] o 16"
Qv £PY [I'.tf',})T(.-ur] [(uz)T Cey - bé

Q'IW’ (1) _ (QW‘Q’ qul

prst prst r psi
quqf | 3) ¢ £
Qprat (Quidy — Qi)
[Grzadkowski, et.al. v3 2017
D-viclating

(\?dur; f“'h:‘ 3 [' '“'T('“"] [r".’i"!‘( ‘1‘;]
Qm‘_“ gy ik [(, ;)!(( u] [ :(”] D i
o =e ek () O] [(g7™) O] @ -
et e [(d)TCu] [(u])TCer

[Alonso, Chang, Jenkins, Manohar, Shotwell 3014

qqqf qqat __ Haaqt qqqf
Qprst f Qrp.st — Q.sprt. 1 er'pt

Flavor relations not easy task!
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Flavor Symmetry

According to Schur-Weyl theorem, Ravor tensor decomposed via S(nf) symmetry

Independent entris:

g o2 Schur-Weyl Vi) goyr  OAT2MAT3
0O7'y* — e—- ] f,
2121.[2]3][3]3
Ot et iepml(ge?)TCtM (g™ o) Se i LLLIY 7
sum): 11T 19 X3 =3

Each span’s an irreducible SU(n ) subspace

: 1]

A 2',

t 3]
r s-|' ]
t

1afefa) 2[2){2]2][1]3][2]3][1]2 1]3]
T 1 EI I D L I A EA D
rls ¢]: [1]2)1)fa o]l2kla]rl3}l2]2 2)[1]2]13)|1[3|3)[2]2]2} 2]2/3)[2|3]3)|3 3|3,

How to recognize SU(nf) symmetry according to Sn?

Jiang-Hao Yu (ITP-CAS)



Spin-Statistics
N-identical particle operator obeys spin-statistics:
100(1,2,...,m,...,N) = O(x(1),n(2),...,7(m),...,N) = +O(1,2,...,m,...,N)
Amplitude view: Operator view:

permuate flavor

A'l1"‘p a [7”] e 1 - < A(‘: (?,' AG G) AB R 71( "-U;l‘-"" rr‘hn kyre N M{,wll)v"'}
l — “85uU3 “al2 ! {9ninrre b A Bminyse}
(o dan TR fare} \
e ) - '\-“' 2 lh{i!'li }) (" o Teyy lll ("" 3'\‘1{;,,... P )
)‘C.' "= Aa @ AR J ~ - - > -
POrminte ganpe permutn Lorontz
[ Li, Ren, XiaoYu, Zheng,2020] Also [Fonseca, 2040
i1 HH (g L
SU(3) e \ \ SU(3)e E \
SU(2)w I I I l \ SU(2)w | |
. . SU(2
STI(2), H @ . o
SU(2), \ \
b L" (‘2:',- ‘\ \\.
Grassmann ( \
Grassmann \ -
" I,UI _ N ’I w e | 3 =
Flavor | | I v H % — | l I Flavor HK U X X D:D } ] } I:I b I:l — D : 3 57
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Operator Y Basis

For QQQL, the Young tableau for Lorentz and gauge structure give the Y-basis

- . | Oy = et L0, N QurQret)
(B B () - oeeadion

B O3 = et “J i Qs ) (QrajQiet)

M = (LpiQraj ){Q‘Sbkqtd ) To = 2kl cabegiy bl Oy = e e Lo Qraj {Qstk Qrct)

( [‘pistk I [Qraj Q?cl )
Y-Basis = Young tensor basis

Reorganize the operator using the Sn Young symmetrizer:

_1 1 1 1 (2 _1 _1
6 3 3 G 3 3 3 H
1 Z P4 1
Pl | 3 3 3 —3 21 _ymen_ | 9 0 0 O
YeEssl=| {3 3 3 W =Y [P T 1 2 Y [elale] €22 6l (L0iQras) (Qobke@ict)
3 3 3 3 3 3 3 3
2> ) & ul)(, ik
_ili ls ll _cl \ 3 l; —_-l; 3 -)l _J € ( |L (Jrn”(») hl<2t(~
1 -1 2 100 -} os{'J’ ‘j]c“t”” ’c“IL 1o SN (4 T 0 Y
. 0O 0 0 0 Rt 0 00 0 y cabe etk il ( NQ i1t
yi'tl =39y [ = 2 W =p[E] = | i
’ 349 [&F] -1 -1 2 _1 ' ; 0 00 0
400 4

Caveat: Sn symmetry for repeated Peld, but not SU(nf) symmetry for nf 3avor yet

Jiang-Hao Yu (ITP-CAS) @



From Y Basis to P Basis

The P-basis operator is viewed as [3avor tensor in the SU(nf) group

) Y

Ol . (alx.'r'ak(_‘ll'( Lp."Ql"ﬂj :’(stkQ!!‘-’)
OQ = (“bc(?kfﬂ( LHEQ&M&‘» ) (Q""’-‘J:Q!’-'? :I
O;] - CabCCUCM(LpiQabk)(Qra,jQ-’f’)
04 — (“b"‘('ijcm ‘:Lp.y'Qa'ﬂj :'(QSM-‘Q“?)

Y-Basis

p-basis
(O

S(N) o'
Young Operator o

L ot

2

oH o2 span the same SU(n ) space.

.y
Kji y-basis
-1 2 2 -1 0,
2 -1 -1 2 s
-1 -1 2 -1 (@3

-1 0 0 1 Oy

Flavor specibed permutation basis (P-Basis) operator

(o) .- . )
C’ip(éj.l ) ll'll] fab(}fzkf}‘ ‘\Lthw'flj ) (_Qﬂhk Q.‘(‘l,’

" ;
Oy | VI

T ettt el (LoiQray ) (Qsbi@uet)

I

s 7
) ?
of.(,_)'*,.'% } '

be ik 0 ¢ v/ |
fal 6‘ € “\LI,iQruJ ,l '\_Q.sf»'.:er'l)

Final expression: P-Basis

Jiang-Hao Yu (ITP-CAS)
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Mathematica Code: ABC4EFT

Amplitude Basis Construction for

Welcome to the HEPForge Project: ABCAEFT

Tris is the websile for the Vathematca package: Anplitude Basis Construction lor Effective Field Theories (ABCAEFT).

Package
This package has the following features:

« It >rovides a general procedure i construct the independent and complete dperzior basas ‘or ganeric Lorewz
inrariant efective fiold theory, given any kind of gauge symmetry and Sold contont, up to any mass dinonaion.

= Various opesaior bases have been sysiomalkcally conatrucied 10 emphasize different aapeds. oparalor
injepeadence (y-basis,, flavor relation (p-besis) end censer/ed quantum numbet (j-basss).

o It rovides asystemalic way 10 corvent any dperdior into ou’ on-thell emplilude tasis and the basis conversion

ozn bo ooy dom.,

Authors
Tre collaboration group atinstiiute of Theoretical Mhysics, CAE Eeijing (ITP CAE)

e HaouLin Li (grovicusly postdoc st ITP.CAS, vow postdoc st IC Lauvain)

* 2ho Ron (40 yoor graduato chudent at ITP-CAS)

= Mng Lei Moo (previously postdos at ITP CAB, now postdoc at Narthwootom and Argonno)

= Jang koo Yi (prelocser ot ITP CAS)

= Yu Hui Zherg (5th yoo' gracuate studem at ITP CAE)

https://abc4eft.nepforge.org/

<4 ABCAEFT

A Matkematica Package for

Arplitude Basis Constructan tar Ftrecrtive Field Thearies

Authors: Hwa-oin Ci, Tinmel Te1891%e s L con
Ine Ren, ranzhexizoa.2c.cn
Ming Lol X1ae, minglet xtsnsrartiacsterr, adu
Jinng-Fec Yo, jhyadiip.ec.on

Yu Hu® Zherg, ehengsubuizilo.ec.on

The peckege is availasle el hepforge
For the lateat warsioa, suw the Citkub
If wou uss thiz package 9n your research,

Fleaze cites arXaw: 2201.84633, 2035, 88038, 26437,3753%

Lorentz

Elective Field Theory

SU(N) Irep

—|—> Classes > SSYT

Desymmaetrization




Mathematica Code: ABC4EFT

DefSMEFT [model_,nf_:3]:= Module[{},
ModellIni[(modell;

AddGroup [model,"U1b"];

AddGroup [(model,"U11"];

AddGroup (model,"SU3c", GaugeBoson->"C"] ;
AddGroup [(model,"SU24w", GaugeBoson->"W"];
AddGroup [model,"Uly",GaugeBoson->"B"];

AddField[model,"Q",-1/2,{"SU3c"=->{1,0},"Su2u"=->{1}, "Uly"=>1/6,"Ulo"->1/3},Flavor->27] ;
AddField[model,"uc",-1/2,{"50U3c"->{0,1}, "U1y"->-2/3,"U1b"->-1/3} ,Flavor->nf];

https://abc4eft.hepforge.org/

Li, Ren, Xiao, JHY, Zheng, 2201.04639

Wi ALATrpeallSMEFT, 6]

Sub)e < TLP+{DLY, DOVLE WL, DLOLY.62%) v —+{dcecuc’ . ec Luz,dliuc LT ).
P — (Bl A #|Q, KLNGnr el | LAl AR, 03 . A Gl H| Q6" Hijr |,
FL'¢" + [ BL*HHP.BIEEYAL, HHWWL® . SLTHHY | Jo* 9% 3 sc ae1® , scoctlit dcteslOt . dederild,
Litocnc] ace-faqf,d-ectifq, L L ,dodetococt, enectuenc] 3 ac]”  dcacfucuet,ve’uet”,
cedtus,daliQtue, detiDuct, ecfQPoet  LLIQGT , ScdoAUGH, QPucuet, 0],
Fed’grb| —{ e [WH] CRR| UL Pt |“nr | DAca-[04]  DHH e uc] |, Dede | 7 o MjO0) |

C'  [TFH'HI° | &'0 o Lol L. Q. HIGu:) . #° + {BPH1°) 1>

AddField [model,"dc",-1/2,{"8U3c"->{0,1}, "U1y"->1/3, "U1b"->-1/3} ,Flavor->nf] ;

AddField [model,"L" ,-1/2,{"SU2w"->{1},"U1y"->-1/2,"U11"->1} ,Flaver->nf);

AddField [(model,"ec",-1/2 {"Uiy"->1,"U11"->-1} ,Flavor->nf] ;
AddField[model,"H",0,{"SU2«"—>{1},"Uly"->1/2}]
]

In[5]-— StatResult [SMEFT,B];

Cone! time used: 0.2870018
numbexr of real types— b4l
number of real Lerms— 1266

nunber of real operators—443C7

In|7] = GeneratelperatorList [SMEFT,b]

Generating types of operators ...

Time spent: 0.1098617

= GetBasisForType[SNEFT, D" H2vat-?]

Owfdl= <l "basis"—{H:H, (0D HE ) (OFCPHE ) Hakt (DD K, (DMDPHE),
Hy (DgHy ) (Dl ) CDPDYHE ) HyHy (DB HE ) COCTPHE Y B (DD H) (#DYHE D
A 1 :
Hg(D“HJ)(Duﬂfl)(D”D"Hfi)},“p-basia"—+<|{H—+{2},Hf—+{2}}—+{{2.0,0,2,0,0},
111

1 1 1
{O'E.0.5.5’1}‘{0.0'5._5'0._5}}|>|>

Infto} -~ FirdYCoord [SMEFT,del2["i',"k"] de.2["j","1"] DCI[DC"Hf"["k"],"mu"], "nu")
DCOCLHE" (*1°), "mu] , "mu") "H*[*i") *H"['3"])

1
Ownfi0)- <|ISUZ-{1, 0}, SU3-—{1}, Lor»{a, 0, u}. ?ProauCtH{ , 0, 0, 0, 0, ")}. type»H"m’D‘ |2

1
4

oufr— <@ b? 3<|HLZ »<|{L »{2},H »{2}} H{EF HH, (LpsLrg) J 121> 1>

Jiang-Hao Yu (ITP-CAS)




SMEFT Operators

Dimension-5

Dimension-6

e O X
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8, = =W
Kier X sl AvsAw (LLwhw
Dyr o 1 T4 g3 Aa  Gusbadialyin Oy = dysakyis O = oy Lok vy
. S Oy Q@AY e O, = Ay N ¥ PR RN TN
[Welnberg 197q Do = WG Oz t'\: ARy re o, Ay nd v d e =ty Lndyd)
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- A et L Aw iRy [ e
Loda™ Frong e A O = TN Oug = e v Cd bVl
Ol = w4 O = s i veg | [wiven|
» = DS CC R | Oy = " o el | et ey

[Buchmuller, Wyler1984 [”Grjz"’

Dimension-8
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[ Li, Ren, Shu, Xia®u, Zheng,2020]
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Dimension-7

L' XHY 4 hae
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Imension-9

RosieR01(

[Lehman,2014
[ Henning, Lu, Melia, Murayam&015
[Liao, Ma, 2016

[ Li, Ren, XiaoYu, Zheng,2020]

[Murphy, 2020 .
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Dimension-5

LEFT Operators

Dimension-6

Dimn-6 aperators

Dimension-7

Lim-7 operators

N i) Noypa Niorm N (n.n) Classes Nerps

G (A 24040=10 2 1 (3.0) 1.';2,'.'[" 4 h.c. 16 041440
(2,01 41121812 | 78 (2.1) | FRoR 1 he. 16 101410
(1.1} AW+20+ 1210 4

Toral

W +32+20-+2

164

t l' UrD + h.c.

ND+32+22+

82 432 4+ 30 +

. oral 6

[Jenkins, Manohar, Stoffe2017 [Liao, Ma, Wang202(

Dimension-9

Dimension-
| I‘} L8' Ren, Xiaoyu, zheng, 202 [ Li, Ren, XiaoYu, Zheng, 202D

Ll = == Murphy, 2020 _~

In &l Classcs MNewes N P — Eawton
3| RwwrIed “ “ Ew) 0 a2 | P —ae | 944t 2-0 | X fudag = 1) (55007, A)
A o ' (L) 1 jealife, ) (L s am)
PR L LU W LR LR B G Boin 1] %)
Natem 4 oae " 0 e’ (s24) + + + : -
b} DA 1} | N W by e P SNt
O A ' 1" 12 (i e - ) (5 200 5%
+ + s ' AF LR T
I 4 7 T (415) ‘ - ten m ne 1Ak
’ 2 - ” sa) 056 421) Fa?of 1P 4 Sensden : 173 L A)C- 2 '
o 1l e 1)+ St A N debisl rd el By et (ara)(r.on
» " " ' 1o 844) RLEN o 444400 ¥ s+ 1) LR LT
[ e | 3 (L Iy PN LRAURE B “u ( 1 [53NE.28
[} ([ (o) vt [ PN ey e 1) g T 1%
o p a x ‘ ) 4 '
- _ i 5 1.0 7 e 14450 15 | Anf(Irat < 23e] <] <+ IRy, 461 | 12543 00)
e . " B2 AN ' ' ' ' 1)
Pt e ag S+ lisld-n| m Mailas -1 'R PR
» 7] ) ' 118) )
“ vhe L R | o u MR VTR <)
K U ‘ ‘ ‘ ) |
) . . e }4 . & 506
7 P L iTtele - . - Ae 4+ 4| M E2a] - % | Sen
» ¢ N . 1ia i b1 A 2 UL 2} 1£.54.5 %)
1o 14 1 13 1 ) Flelg® SilUssm L} (30, 15%)
4 ' L »n » ' LX) g MNal LR L ) ~ 'lu. 1) ' . )
Pt . » [ 13%) Frodle et i ‘ ' ”
Al ¢ < (4350 D"~k ttird-0 2ep{up 2 1) 17)
: h : : 1y RRARMAMY T 2 L P10+ 31 L A ]
¥ \ 1 n n (131)
v A si1011 0 deg{dvy 1) )
[ | (415
J DEE 1041 19,38 537)
] " e " > . b n : a5 r
. n L BT " e 1515)
L | 3] (2 ‘ 30
" " ' L EY " ‘' "
T (i AT . ‘ Lo (121 HeZM4+ 38 -0{n, = 1)
1 | 1 Total Q2 R ) 2T B I
) 1 1 Y ITP C S IS 4 LA AL 4 I (ap < )
H ls i \ A A
Towd 217 D o 1), = 1 _]g ao u



Dimension-5 Dimension-6 Dlmensmn 7

VSMEFT and VLEFT

llllllllllll

Dim -4 opera

N (n. 1) Classes Vo News (RN

D & operan 4 (3,0 {.5 it ko 4121012 M
o

g+ e, 404040 1

n Cl

12,01 M yd

15.m !
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[Aguila, Bar-Shalom, Soni, Wudka009 [Bhattacharya, Wudk&,014
[Liao, Ma,2017
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GRSMEFT Operators

GR Lorentz tensor rewritten as (3at space spinor tensor with Vielbein formalism
Curved space Tangent space

¢"(z) = ealx) s(a) 1

P ¥ £\ 0
Ti=egl) o

o Gy ¥ G g (1)1, 0% 504 o, (59— _anth
Rapr6= Ryupo0 055 Rapys= Rabcdaf;’jgaf,‘é
Rienmann tensor decomposed into Irreps
Ruvpe = GuipBolv — Gujp Rojp — %g/:[pgn]uR + CLpuvpo + CRuvpo + égu[pgn]uR'
(1,1) (2,0) (0,2) (0,0)

Similar procedure to remove EOM and IBP, obtain GREFT operators

W2 - . J 4 i [Ruhdorfer, Serra, Weile202(
- 4. Chp -1 "2 7 1 7'2 2 A 3 A2
S = / d 41*\-'_.‘){_ .)L 1t — A-.»I + ,\JI'*' ,&4(’ XJ(( \4(‘

Slge s Lge ey Siey Srpe - Spe 4 SR+
R0~ TolC+ i TC + 0+ [FC+ HFC+ 3 R

C = CumC"™

- - v T
= “:.'(f'"f" '(‘ CHt .

Jiang-Hao Yu (ITP-CAS)



Generic EFT at any Dimension

Any Lorentz inv. EFT with any gauge symmetries up to any mass dimension
2HDMEFT, SU(5)EFT, etc

LHC probing scale

Standard Model EFT Sterile neutrino EFT
Dark matter EFT

ravity EFT
Low energy EFT Gravity

Jiang-Hao Yu (ITP-CAS)



EFT Ladders

Energy
L = LG avity + £cD + LQED + LEW +Lpeavy
UV models - ~ ’
many models E..
...... N SCAIE e
‘ G e G e
Standard model EFT Couerr = Lsm+ x= 07+ 37207+
Higgs precision, TGC, di-Higgs
...... N SR, . b oo e
(5) . {51 »
Low energy EFT CLerr = ﬁuwmuu"ﬁ(’lﬁ"" i A.Il%_’ 0" +
........ ‘oo ... [Favorphyscs leponicdecay
Chiral Lagrangian + Heavy B EFT Ly =L (sphuru) + Lon(sp i ry) + &2
MeV scale Kaon, pion, and nucleon decay
Nuclear EFT (nuclear matrix elements) ol""  CE!NS LFV
eV scale NSI DM direct detection

Atomic physics (NRQED)

Jiang-Hao Yu (ITP-CAS)



Example: EFT for Neutrino NSI

[ Du, Li, Tang,VihonefYu, 2020]

UV models | .
many models E.. [ Du, Li,Tang,Vihoneryu, 2021]

(2 ¢ ,}v)uf;fu,l. (120, dg“qfﬂ""u,). (es)dage;). (I,,f"r’l,r)lq.'.,,r %)

Standard model EFT (H'iD [ H)(la7'7"15). (H'i'D!H)(G7"v"q,). (H'i'D, H)(a,"d,)

(H'i D ('), (H DY ). (e 1) (hvala). (I 1) (avly )
\ pdd JL027 2)s A M a7 vy a) 2 O Tu2), 17 2)082%:4

{lerimy(1))5 (@r" Prryd;) (L PLys)

Low energy EFT esey ()] (81 (13)d; ) (EaPLvs)
| ler(1)]2; (0™ Prd;) (faoyun PLys)}
........ '.-Q.(.:.D.-.-- C o o o e e e e e e e e e e e e e e e e e e e e e e e mmmemmemmee oo oo R —— e ———ENIEE - e e e e e e e memmmm e
Chlral Lagranglan [fl(R)]ui [fs(P)]ni [€7]n‘3
MeV scale — —

NOVA T2K == J[=a@ayaba RENO CHOOZ
|. |

_ll[‘ N i ||||| ‘ ||||||I hl“ “l““
el ‘IHI ”Hn.||||||H.|II\..|H.|

Jiang-Hao Yu (ITP-CAS)




WhatOs in the UV?

Any Lorentz inv. EFT with any gauge symmetries up to any mass dimension

WhatOs in the UV?

LHC probing scale

Standard Model EFT Sterile neutrino EFT
Dark matter EFT

ravity EFT
Low energy EFT Gravity

Jiang-Hao Yu (ITP-CAS)



Dim-5 Weinberg Operator

Top-down approach

Canonical scesaw models

(H) Hy (H {H} (M (H:
3 vy A I3 s
—— e < >- —_—— e ——
L Y. Mg . n L Y, L L Y= M LOB
M = (HPY MY M, =(HF Y ,M2 M, = (H¥ YoM, ' VT

Choose/build a UV model

Integrate out heavy particles

N Weinberg Operator LLHH

vy vy,

Jiang-Hao Yu (ITP-CAS)



Matching and Running

Systematically done at one-loop CDE In the top-down approach

: s Canenigal scesaw models
.
‘' .
‘ L]
| : a  (Hy i+ b ) ) C iH
! ' : - S PR " - -
' : G
' ' : : : : :
' - : g : : :
! ; P Yad g ity I
' ' -+ it P % P — - P b=
5 ; w Y, M.V w Y, . n Y M Y
' ‘
" - M = (HPY MY M, =(H ¥V, M3 M, = (H¥? YoM, YT

Functionalj tree & 1-
Method | loop CDE

[ Du, Li,Yu, 2201.04644
SMEFT _Eom SMEFT

(Green's basis) (Warsaw basis)

/l\

/ oo

Shifts of SM couplings
(Threshold effects) Weinberg operator

High- and low-

energy observables

A\ 6.y, OO Ow
lequ” - t “rwe-w

—E
Jiang-HaoYu (ITP-CAs,




More UV for Seesaw?

Can we know whether more UV realization for canonical seesaw mechanism?

For an operator Find all topologies (exhaust all spin)
H ‘S X4 H
H s X4 s‘s l"
R Re H L —_———,——— L
L . 4 L L ,+H
>
L " H

List all possible BSM Lag

’ o I
“5 Allowed by SM . ‘R ‘:1 .g.g
. Heavy TR R ey —
1 . Gauge symmetry 5 g %
L R H © ':':’7’ i U
o’ My
- . - om m < — IL {:‘ ; o —p—‘vmquvvv‘m»—‘— v
. n Y2 MY oy ‘

L “H
Jiang-Hao Yu (ITP-CAS) @




More UV for Seesaw?

Can we know whether more UV realization for canonical seesaw mechanism?

! .1 / \
\ H} A\ H.)

1 |

1 |

1 |

1 |

1 |

1 |

1 |

] spin-1/2, 3/2, 5/2, E?

sz Y ys/2
Type-3/2 Seesaw Mechanism [ Demir, Karahan, Sargm, 2021

Durmus Demir, Canan Karahan,®|" and Ozan Sargin®

LLHH NS

vy ® vy Need matching to cross check!

Jiang-Hao Yu (ITP-CAS)



Bottom-Up Approach?!

Can we know all possible UV realization for canonical seesaw mechanism?

/
\

Mo

i’r, » - .b-v%*%w—‘— r,

U Yy Ue te
Yz 2 Ys /2

H:) {H‘)
1 |
| I
1 |
| I
1 |
| I
1 |

Type-3/2 Seesaw Mechanism

Durmus Demir, Canan Karahan,®|" and Ozan Sargin®

Start with symmetry for operators
(not symmetry for BSM Lag)

?
Determine all possible UV
(9) (9)
LA % No need to know BSM Lagrangian!
< >
Vi Vi

Jiang-Hao Yu (ITP-CAS) @



Amplitude J-Basis

EFT operator = Contact amplitude = Group invariant + little group scaling

'pL, b pas by lpL . h 5Py, by

H “ 4 H
.. Spin-?7 .
L o L
P, hespu, he|P,J, 32" 'P,J,3zlpL . hyspy by " Puohe = [X)alxlar
spin J C’ (¢, ¢3) C” (2, ¢4)
J=1/2 (Lx) (x2)
J=3/2 | —(xdxlpal) | =2 [x[palx)
J=5/2 | —(Ix)xlpslx)® | —Oe2xlpalx)?
pL,heps,halpl.hiph,hy" = tpo,heipa,ha|P,J3,3;,"P,3,3,0p  hl ;ply . hiy"= O
J,J 2 J

J-basis operator corresponds to the UV resonances!!!

J=1/2 (12) dim-5
J =572 | 10s3,(12) + 3[34]524(13}{24) + 12[34]s34{13}(24)

dim-9

Jiang-Hao Yu (ITP-CAS) @



Pauli-Lubanski Casimir

The above decomposition needs to assume | and then obtain UV resonances

Propose a bottom-up way in which j is obtained rather than assumed

SO(3) tensor rep Poincare spinor rep
J2| 0, MY = J(J + 1)|.J, M) W2 P J MYy = —P2J(J+ 1)|P,J M)
2 S N\. , , . . 1 -~ - , . . - .
3rm s _\ | S 1 0 rn . W* = . L (-:,i.,ajj;- (s Oi) ['2,0_,.147,02.]) ; L iy 1), O ik, DL O]
L0, ¢|l,m) = — [sin H%hlllf’)(__jg -+ T3 ()q‘)] Y0, ¢) ig=1 Ty
=1l = 1)Y;"(0, ) W 2Ipe, hespa,he [P, 3,3," = #P2J(3 + 1) 'pu,hespr, by [P, 3,3,

W2 1p,he:pa,halpl,hi;py, hy"=#s  JJ +1)0’
J

: J \
H {21.3}BU - (12) " . o’ "
A\ ] 24

LLLQH.'{HI % BY = “2)

Young Tableau
Can only spin-1/2!

Jiang-Hao Yu (ITP-CAS) @



Canonical Seesaw Mechanism

U e 7] R = e
2 =12 k gl BR = ik

~—

W2B7 = —sJ(J + 1B/ C*BR = r(r+1)BY e {0 T

LH ! LH channe LL ! HH channe
r2 ) 3 /19 ra ?
L {-1.:;}8 — —351:;\12,’ " “‘2}3" =)
H H L 'O H
5‘ 'l 1 'O
~$‘ 'O' J — - - l" J — O
L — L Z
L *H
Type-l and Ill: SU(2) single and triplet Type-ll: SU(2) triplet , or singlet (excluded by repeated peld)
j-basis Model _j-basis Model
O = 05+0" | type | Oxisrs = O N/A
0%162—?1)& = 0°-30" | type lll Ot srr = O type Il

O° = (HL)(IL), O"=(HH)(LL)

Jiang-Hao Yu (ITP-CAS)



Spin-3/2 UV Resonance?

How to obtain the spin-3/2 UV resonance?

H . R H BY. . . $34(12) '
' Spin-3/2,.° LLHHD * vraRD T [34](13)(24)
L — L - B cik il
BLLHH - Gij€k'1
2 2y y B =K.B 2 J 1R
KWK =diagl.)(J+1)]

T
w
I
s | 2
N’
3
<

"V{Ql,s}By = 529 (_T

B 1s34{12) + 2[34](13)(24) J =3
ik _jl -
— fzkfjl o 2f"’€“ R — 3

J-basis operator can be obtained from Y-basis!

Jiang-Hao Yu (ITP-CAS)



From LLHH to LLHHDD

Topology j-basis Quantum numbers {J,R, Y} | Model

H L B/""" =B +Bj. (3,1,0 Typel

L B gloianes - gy ap, {5.3,0} Type I1I

L > H|  B/;3" = 2B, {0,3, -1} Type I

L I plsne: <oy, (0,1,-1) N/A
Topology j-basis Quantum numbers {J,R, Y}

" I Bi3y,1 = 3B} + 6B} — 9B — 2B], {%,3,0}
\ 8{13}’2 = 38; - BP’ {%, 3, 0}

L ' gl Bpsys = —3B} + 2B} — 3B} + 285, {3,1,0}
B(13},4 = B} + Bj. {5,1,0}
L H 8{12}’1 =2B¥—4B§. {1,3,—1}
>-/ B2y = —2Bf, {0,3,-1}
L’ H Bj12) = 4B} — 2B}, {1,1,-1}

B{lg} —_— 2Bg {0, 1, —1} N/A

Jiang-Hao Yu (ITP-CAS)




Genuine dim-7 Seesaw

Tree-level seesaw at dim-7: among 19 topologies, one genuine dim-7 seesaw

Topology j-basis
H L B12)3458),1 = 28] — 485,
H L Byi2)34156).2 = 2085 + 485,
i :l: L By12(34 56,3 = 1255,
H ’ Ht B{i2)34)56}a = 487 + 485,
B12)34/58),5 = 287 + 45%.
L H Bi13jz456).0 = =85 — 2B + 387,

| ! B:1sp2aj50y,2 = =B, + 3B} + 2B% + 3B7,
-y~ L B{1a 24583 = —B! + B} — 2B - 38,

H o Ht Bi132458}.4 = —BY — B} + 3B + 681,
Biyappaise).5 = BY + By + BY + 2BE.
H' H B:i13135/24),1 = BY - 28] — 6B;,
L oo H Biajasag . = =B — 385 — 485 + 98, + 657,

/ B{13135(24},3 = B — BZ + 2B} + 3Bj,

H L B{13 13512434 = B} — 383 — 2B} — 3B,
Biiajasizay s = BY + B + By + 287,
HT H Bryanaay = —B7 + 485 + 4Bj,
|| / B - ~287 - 2B}
H --:"'\ L {12|123},23 = (43’1' + 28.2' + 28{,’)'
‘ ~2B7 + 287
H L Bii2123),45 = (-485 B 28}‘,’)'

Jiang-Hao Yu (ITP-CAS)

LLHHHH

L

H?

Bi1623j45) 1 = 2B} — 2B, — 2B% + 6B} + 657,

B{uj 23|45 },2 = *28{’ - Bg - Bg < 38": + 38;’5’.

B{m 23/45},3 = 383 + 3[3; + 33: + 35;,

B{ls 23|45}.4 = B-;»' - B — 3B. + 3B;.

B|1623145),5 = B85 — B + B! — BL.

B{iap2s)34),1 = B + 4B},

Bi1212534) 2 = —8B{ + 4B%,

B{|2|125‘:u} 3= -1235,

B[u 12534} 4 = 232 ' 4B§

Biionaspsay s = —2B% — 4BE.

Baa 15415631 = =B + 283 + 654,

8{34 134|58),2 = 4B] - 88: + 1257,

3{34 131656},3 = 255 ! 45?;.

Bz 134564 = —48B] — 483,

Biaaaasey.s = 285 — 4B,

r
3{161126},1 — GB{'.

L
B - B, 3B, 1 3B

[
B - j‘
{16126),2.3 (_2342; — B + 68% ~ 38!

Babu, Nandi,

” (-Bf -28° - B - wg)
{16 126},14,5 = ] a . .
—2B; - B} - 2B} - B!

artkiladze, 20009



Complete Dim-6/7/8 UVs

Hao-Lin Li, Yu-Han Ni, Ming-Lei Xiao, JHY, 2202.XXXXX

Fermion

(_S'l'(:”( ' .S'("('Z)z‘l,’( 1 )v]

BreeH'L. DHH'LL' ecHH' L

(1,1,1)

- Vecter
Bro \SUIELSU®),UN),)
(3.1, :'|>

deeruc’ erliQue deQoe LG

By
4
ME @1 -3 - Scabr
I I SU(3).. SU ), U(1),)
By

(3. 1. 2') t‘(‘l‘/\‘l("‘ Q'CL("IIC d(Q’ll(‘ LQ:‘
: (8,1,-1) i i
(1,3, 1) o a I* <& Conents ' \\ J ' '\ Y, ! \ / '
TUge LS P o ¢ P — ) e ¢
(3,3,-1) deH L 2 3 4 i ,’ N /
(3.3, 1) HQ = 2,2.22) Topology j-basis
J 1
(1,2, 7) Y | H I Bi12)34/58)1 = 287 — 483,
T, ' Y. =) 1Lz ‘i L Byi2)34j56),2 = 283 + 455,
1,3,0 , 1 .o —
; " ) 11,1,0) Y . H A L Byi2(3456},3 = 1285,
- ) e -~
3.2,-9) ool H gt B{12/31)56),a = 48] +45j,
3,21 ' 4 =
— A & (3,3, 1) \S o B1234/58),5 = 28} +48%.
1,2} : . 0
:a 1 '-: ' (1,1.0) 7 H 8{13124 5631 ‘B; - ZBQ + 387,
— o 2,1,1.2) ' B{|;4|24|_-.",}|2 = _BY + 33; + 28; + 3BP.
(.2, -5 ' 4 T P
) (1.3.0) i AL {1324)58),3 = =B + B} — 287 — 38,
3.2 h . H Ht 4|58} 4 = —BY -B: + 38:’ + GB.p-
(1,1.2) _ R P P 7
13,3.0) " — =B, + B; + B, + 2B;.
(3.2,3) | nzam
315 (1,1.1) Topology j-basis fntum numbers {J,R,Y}
18.1,0) (1.3.1) |  GhA ° L | Busy = 3B} + 685 — 9B, — 2B, 3
(3 I‘J': _— \ 8(13}_2 — 385 - Bp' -
11,1, 1) 2 T - N\ :
Ry 6.1, -3) 2231 L H B(13)3 = —3B7 + 2B — 3B% + 2B%,
N 4 —_— —
(4,8 %) (@1, l' ! B(13),4 = B} + Bj. {3,1,0}
(6.2, -3 (&3 :' 2229 L o B2y, = 2B} — 4B}, {1,3,-1}
. (1.2,35)
6.2 {) o : >_, B(y2) = —2B%, {0,3,-1}
N l ." \\
N80 | . L H B{12) = 4B} — 2BY, {1,1,-1}
1.31) (1.4,3)
B{]z} = 28:’;. {0, 1,—1} N/A

Contains complete UVs and corresponding combinations of operators
Jiang-Hao Yu (ITP-CAS)




DIM-9: n-nbar oscillation

rpe R R L I
(T o T [__’_ b
"'\ /:l , ‘ af'ul® 24 L—LH2{|—- — L)@
I A /L—Az \\ // 4—*”}4 {~ ’:lb T, E\
N (3,4 \ / _ :
‘ ' 2 IO el o | o) & 3 (] MTla
e 7 < :[__r[J_}zEF e {151
///\\ 1 4 o LT i?{l_Lth
* & Qi | T T b 1,
o H«l} v LL :1!
(riv Ji) (1717 1) (07 17 1) (1707 1) (17 170) (07030)
(6.6,6) 0 30, + 80 0 0 O — 8Os
B [ Babu, Mohapatra, Nasri, 2006
(6.3,3) 0 O, 0 0 O,
(3.6,3) 30, +- 809 0 Oy — =0 301 4+ 80, 0
(3.3,6) 30, = 809 0 301 4+80,; O — =0 0
(3 3,3) 30, + 80, 0 30, 4+ 80, 30, + 80, 0
O} = €*“e"¥ (dpadpy)(dredra) (reury),

Jiang-Hao Yu (ITP-CAS)
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A Bigger Picture

Conformal algebra:

D, P,| = —iP,,
D .K,|=1iK,,.
D, K, p
(K, P = 2i(,,D+ M,,),
(M, K] = i, Ky — K,

Spinor representation

Pt =3 AN iD=+ 53 (Nt + Wdia)
Kos= 1Y 8ad. —iMag =Y _ Miadis + Aisdia,
W = % (Pt = MPP)  —iMy; =3 Xiadig + X3ia.

Special conformal K Pauli-Lubanski W Dilatation D

Amplitude-basis UV resonances Anomalous dim

Jiang-Hao Yu (ITP-CAS)




RGE in On-shell Basis

RG running (anomalous dilatation) mix among classes of operators

:::: L ese e .o
et L I A L @
PR a8 ee aea
R Ty o0 08 L R W <
"nes eoae e
:::::: .o es e oe o
sl . ® o0 L e
Shedaie RG running te, t, cl.
ltt&ti" - X ] [ I ) [l o
paaPe L L N L N N | e
e L L as s » e
LR B R R R R .::. .::c .:0
LR AR 2R % B 28 % L 1) n e L N L
LR B B R N R I FERN<) s e . e
HHEREEEEN
sesssnss ‘ess eee ae
L 3R 3R E 2% A% 2 L N L *s
LR R I R R O = L © S N N * @
L % B R a e [ 3 sw e
® * 4 we =3 oo 0 L B N
::::: a *see® weseoe
© L N L N
: .tﬁitf c o sew oo
no meaning for x and y axis
Operator space Operator Space

Young tensor basis provides a preferred basis to perform RG Running!

Jiang-Hao Yu (ITP-CAS) @



ITP-Basis: Young Tensor

Modern view: operator as on-shell amplitude, with spin-statistics included

111 19\ /
213 EevyovaCovqorg <12‘> ‘\13>

Operator amplitude correspondance

Any operator could be uniguely converted to this basis!

Eliminate Feynman rule

Young Tensor
Basis

UV resonance RGE

Jiang-Hao Yu (ITP-CAS)



Summary

Take home message 1. From Warsaw dim-6 to any-dim amplitude basis systematically

Complete UVs

ITP-basis

Warsaw basis

Young Tensor Basis

Any operator
to any mass dimension

Take home message 2: Amplitude ITP-basis Is a preferred basis to perform
on-shell calculation, identify UV resonances and calculate RGE

Jiang-Hao Yu (ITP-CAS) @




Thanks for your listening!



Backup Slides

Some slides from my talk at ~ All things EFT Series online seminar
Some materials are prepared by Zhe Ren and Yu-Han Ni



Literatures on SMEFT

SMEFT @ LHC: status

The SMEFT approach ==

M 4 paramcters knowen far all cedars

¥ comolets bases up o o — 9

CWs e P el N e

20 Dochenle r Wiiker Muc!  Teyn LLOI 1906 )220, Leaadeowals ok ol DOO AL33
f Ledwrnr JEN0A0 02 Harrimg Lo Mefny Pura snie 13010 1043

30 LARS WS X on YV v g 2005 DOGCR Pl 2305 00060

o LlRan sz e Bherg 200720868, Liaz Ma XXIT.0e228

Precision era QLHC with all experimental data consistent wit.
the use of:

A P——e—

LsviErT = LM A Tt

describing any UV physics at AYv

. /

Bases

d=5: Weinberg PRL43(1979)1566 Anomalous dimensions (d=6)
d=6: Buchmller, Wyler Nucl.Phys.B268(1986)621

Grzadkowski et al 1008.4884 Alonso,Jenkins,Manohar, Trott 1308.2627,1310.4838,1312.2014
d=7: Lehman 1410.4193, Henning,Lu,Melia, Murayama 1512.0343 Grojean, Jenkins,Manohar, Trott1301.2588
d=8: Li,Ren,Shu, Xiao,Yu,Zheng 2005.00008 Alonso,Chang,Jenkins,Manohar,Shotwell 1405.0486

Murphy 2005.00059 Miro.lngoldby,Riembau 2005.06983
d=9: Li,Ren,Xiao, Yu,Zheng 2007.07899, Liao,Ma 2007.08125 Baratella,Fernandez,Pomarol 2005.07129,2010.13809

Maria Ramos Higgs Hunting 2021



Notations for this Talk

Yo € (1/2,0), ¥! €(0,1/2),

H, €(0,0),

H' € (0,0),

Frapg = zFuoty € (1,0), Fpaa=-— ‘;F,,.,&::; € (0,1). X"y = d(Xm FiXww)
h = 3, — Ji

Fields | SU(2)r x SU(2), h SU3)e SU2)w U(l)y | Flavor

Gi. (1,0) ~1 8 1 0 1

W5 (1.0) ~1 1 3 0 1

Brag (1,0) ~1 1 1 0 1
Lai 3.0 —1/2 1 2 -1/2 | ny
€eon (3.0) —1/2 1 1 1 ny
Qaai (3,0) -1/2 3 2 1/6 ng
ul, (3.0) -1/2 3 1 -2/3 ny
d?, (3,0) -1/2 3 1 1/3 ny
H, (0,0) 0 1 2 1/2 1

Hermitian conjugate

H' (and L, Q1) as a 2 of SU(2)

(Frap)' = Fyas

€iHIH; H)=eH,

H= eHl
Jiang-Hao Yu (ITP-CAS)

erR = €r,UR = Uy, dr = dp



Fierz and Schouten ldentities

V= ( ;Td ) C U= = (XQ’ f‘f‘) 'u.ca"ul = uy"u, e.L =¢el, uidl =ulCd.
Fierz identity
( 0ijOkt \ ( /4 1/4  1/4 -1/4 1/4\ ( 0itOk;j
()i (V) ket 1 —-1/2 0 -=1/2 -1 (Y)it (V)i
3(@)ij(ow | = 3/2 0 -1/2 0 3/2 3(0")it(0p )
(Y*75)i5 (Yu¥5 ) Kt -1 -1/2 0 -1/2 1 (Y5 )it (VY5 ) k;j
(i ) N4 -4 14 14 14 )\ Ge)ate)

SO(3,1) trace part

M v
Iuv 0 o6 0"3 3

P51 4 P15 4 767 = 0.

[i)(jk) + 1)) ki) + [k)(ij) = 0.

- 260,36(!‘3 ’

Schouten identity (ri)(jk) + (rj)ki) + (rk)(ij) = 0.

~ K ~ K ~ Ko
6('1"(36.'7 + 6‘3.}6('1 + 67(’15}9 — 0

1o b o 1 - S
(d)(td) = — (dd){ft) — Tldv"d)im,i) — gl d) ol + 31.0"»"d«sd.'(.c"*.;fvsl,' — @) (ts)
L
1 W ]
- 2((1‘r”{1_)(!1-..,l_l . (s
Lo P - 1.-'.,'_. T 3y — - | o gy . — - o — l o P - <
HCUC) = = 01 {Fa) + i',".*-'.,tm',-.q) + é:m"' D(Gerne.q) + iIi‘r"w.-.".l:r;'*r',.-.'x.rq,) = 7mdl @)
L

| _
=5 U O a7.g) -

Jiang-Hao Yu (ITP-CAS)
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Schur-Weyl Theorem

Three 1/2-particle with 3 flavors:

IRIRI=1008B8d1

SU(B) 1_d irrrep % i S3 1'd|m irrrep [111]
t 3]
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Schur-Weyl theorem:
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Lorentz/Poincare/Conformal

SO(3,1)

A MMM, = 32— K2,
LT M My = 3 - K

1K)

M; = 1(J;
l[] I.’\t‘},

Fields

(0,0), (1/2,0), (0, 1/ 2),
(1/2,1/2),(1,0),(0,1)

Poincare

Semidirect product of a
semisimple (Lorentz) and an

Abelian group (translations)

pP? =P, PH
W2 =W, W
W, = o M7 P7

‘V:)ZP'J.
W=rnJ-PxK.

P invariant subgroup:

[wo, w+] = Tmw+

[wy, w_] = 2muwyg

States
m,p,J,0)
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SO(4,2)

3 casimirs
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J-Basis Operators

J-Basis Is [3avor blind basis, not independent if repeated Pelds
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C'v in the Warsaw basis




