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Introduction



Core of EFTs

Scales Decoupling Theorem
U
1. Matching
Uv s
AT model € (|A)
2. Running
de,(p) _ 1
dlogu Zj“ 162" 1
l O(0.1%) — O(1%)
N Precision
T €1y ) observables
3. Mapping

Field d.o.f Symmetries
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Wilsonian

Wilsonian Lagrangian

Z[J‘I’a Jcp] — /[D‘I)] [Dgo] eifdd‘c(-%[q’,SOHJ@‘I’ﬁLJw(p)

6"?UV —0
5o

Equation of motion (EOM):

Set ® = ®_[¢] (EOM solution)

Z[']cp] — / [Dgo] eifddx(-%ft[¢,¢’c]+J¢<p)

top-down approach
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Wilsonian

Symmetry determines Lagrangian

quantum mechanics spacetime gravity
* * ¢ 0_0m2 2
W=/ | Dg|[DA||DY][D®] exp i/d4:c\/—g 7pR
k<A
1 T i T ' _
— 3 M + iy Dy’ + (¢LVZ-J-<1>¢}{ + h.c.) — |D,®)* — V() }

other forces matter Higgs

bottom-up approach
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Fields and Interactions

Quantum field theory course:

Scalar

Fermion Gauge boson

QED, QCD

Jiang-Hao Yu



Symmetry

History of particle physics: find more symmetries

SU(3)

Standard

Model

SU(2) U(1)

Custodial symmetry, flavor symmetry, ...

Jiang-Hao Yu 0



Standard Model Extensions

SU(3)c x SU(2)L x U(1)y

Adding more fields and Considering bigger gauge

higher representations group

SUSY not classified here

Jiang-Hao Yu



More Symmetry!!!

Finding new symmetries in searching new physics

GUT SU(5) SO(10)

Extra dimension Composite Higgs SO(5)

2HDM Left-right model G221

SUSY not classified here

Jiang-Hao Yu @



Internal Symmetry




Group Theory

GROUP THEORY

NISIOICS GROUP THEORY

FOR PHYSICISTS
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Group Theory

Young man, in mathematics you don't understand
things. You just get used to them.

(John von Neumann)
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SU(N) Group

1 o s AM YLl L4}
[A,V" A ‘f — ()UA ‘3 - ()J/iA 7 A’l,l

= 0. pr=12-.. N.

Root-weight: obtain transformation matrices for any irrep Young tensor: obtain tensor basis for any irrep

[H;,H;]=0 [H;,E,)=a;E, [E.E_,]=dH;

gln — Unﬂg, 77(,y — 77.13(UT )ﬂa (UT)Q,HU}(”*/ — (sa'y .

5} Bn
€3,..3,U lal LU

o, = €a;y...a, detU — ].

O
£, =2in SU(2); 3in SU(3); ...

N

€* = 2in SU(2); 3in SU(3); ...

=8 = (0 + () + 5 (¢ () = ¢l g g

30 “:a 3 H AgTe a | X b =la b -+ Z .
U\\ //v w7 A(,f 4 2®2=3d1
: 3@3 = 3®6

~ 1 R 1
CQB - 506,8 - CQB + ;508676’7 Cu,i = Cuxi - ,n_,du,ufﬁg'y

1 1, _ T s -|->
E[ma dd  2s8) 3 :3 X 9 = 1 'ji‘ 8
1

L @ (n? —1).
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SU(N) Tensor Product

Tensor decomposition

C(ll(lgﬂ:; — é(ll {(12603 = C{ﬂl(YQ(Y;;} @ C{(Ylﬂz}ﬂ;; C{(YI(Y;;}QQ @ C[(YI(YQ(Y;;] 2 X 2 >:< 2 — 4 E:- 2 'E} 2
L@ (2f®|3] = [1[2[3]|e [1[2]e[1]3]a [1 3R3®3=108683831

B

3
-n(n+1)(n+2) ln('nQ —1)
3
1
Tensor Product gt —1n=2)
| ® | = & | & el ] |® ® | |

|@[1]1] = @ 1| ® 1| @ [1[1]® 1|© 1{1]

2] [2 1 B

LieART 2.0 — A Mathematica Application for Lie Algebras and In[16]:= DecomposeProduct [Irrep[SU3] [8], Irrep[SU3] [8]]

Representation Theory out [16]:= 1+ 2(8) + 10 + 10 + 27

Robert Feger®*, Thomas W. Kephart”, Robert J. Saskowski '

DecomposeProduct [Irrep[SU4] [4], Irrep[SU4] [4],Irrep[SU4][6], Irrep[SU4][15]]

C— - —
http//“earthepforgeorg out [20] := 2(1) + 7(15) + 4(20/) + 35 + 5(45) + 3(45) + 3(84) + 2(175) + 256
GroupMath: A Mathematica package for group theory /|- ReduceRepProduct [SU3, (3, 3, 8, 8, 8, -3, 8)]
Ca;lClll‘dthIlS wur-1= {{{6, 5}, 1}, ({7, 3}, 4}, {{5, 4}, 26}, {{4, 6}, 5}, {{3,5}, 64}, {{6, 2}, 48},

{{4, 3}, 166}, {{2, 7}, 9}, {{1, 6}, 66}, {{2, 4}, 260}, {{5, 1}, 176},
{{3, 2}, 434}, {{0, 8}, 5}, {{0, 5}, 137}, {{1, 3}, 448}, {8, 1}, 5},

Renato M. Fonseca .
{{7, e}, 27}, {{4, @0}, 235}, {{2, 1}, 510}, ({0, 2}, 297}, {{1, 0}, 217}}

| e——— -

renatofonseca.net/groupmath
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SM Lagrangian

SU(2)

Particle(s) Field(s) Content Charge Spin SUQ3)¢ SUQ2);, UQ)y
Quarks 0; (u,d)r, (%5, —18) % 3 2 13
(Three generations) — UR; UR 2 12 3 1 43
dRi dR —14 12 3 1 —2/3
Leptons L; (ve,e)r (0, 1) 2 1 2 -1
(Three generations) IR €R -1 12 1 1 -2
Gluons GZ g 0 1 8 1 0
W bosons Wi’z w* +1 1 1 3 0
Photon, Z boson W,i’, By y, Z9 0 1 1 3,1 0
Higgs boson ¢ H 0 0 1 2 1
3x3-1+8
2x2=1+3 3x3=3+6
3x2=2+4 6x3-3+15
3x3=1+3+5 §x3=8+10
6x6  6+15+15
4x2=3+5 6x86—1+8+27
4x3=2+4+6 8x3 ~3+4+6+15
4x4=1+3+5+7 SU(3) 8xB =3+8+15+24
8 x8 — 1+2(8)+10+ 10 + 27
T10x3 -~ 6+24
10 x 3 = 15 + 15’
10 x 6 — 15 +21 + 24
10 x 6 — 3 +15 4 42
10 x 8 — 8 +10 + 27 + 35
10 x 10 = 1 + 8 + 27 + 64
10 x 10 = 10 +27 + 28 + 35

Decompose tensor products of product irreps (3, 3, 1)®(3, 3, 1) of SU(3)®SU(3)®@SU(3):
In(23]:= DecomposeProduct [

ProductIrrep[Irrep[SU3] [3], Irrep[SU3] [Bar[3]], Irrep[SU3][1]],
ProductIrrep[Irrep[SU3] [Bar[3]],Irrep[SU3][3],Irrep[SU3][1]]]

out [23]:= (1,1,1) + (8,1,1) + (1,8,1) + (8,8,1)

Jiang-Hao Yu

L - —iB#,,B’“’ - étr(\N”,,W”")

_ %tr(GWG‘“”)

U(1), SU(2) anng(3) gauge terms

+(vr,er)c" D, (:i) + éro*iD er -

+ vpo*iD,,vp + Hermitian conjugate

- >
—

lepton dynamical term

—\/Ti [(PL,éL) ¢MeeR —i—éRMed; (VL>

€r
e —
electron, muon, tauon mass term
2 N .
—% {(_éL;ﬁL) ¢* MY vg + rpM¥ ¢T < uiL )}

- >
s~

neutrino mass ferm
- T\ ~4 - Uy, - .
+(ag,dg) a*iD,, (dL ) + apotiD up

+d ro"iD,,dr + Hermitian conjugate
—————
quark dynamical term

—Q [(ﬁL,JL)¢MddR + drM%4 <§L)]
v L

- >
—

down, strange, bottom mass term

{ (—dp,ar) ¢* M up + apM* 4T < _dL>

ur

V2

v

T —
up, charmed, top mass term

+(Dud) D¢ — mi[pd — v*/2]*/20°.
e e g

Higgs dynamical and mass term

o — e




Beyond SM Lagrangian

First evidence of beyond SM: neutrino masses

Canonical seesaw models

) (H) by (H) ¢ (H)
. s ey Hy o .
'.’.‘ E
VR VR Pa T g
—t e e A — »—
v L Y\' MR Y\v v|_ y L Y._\ y L v L YZ MZ Y‘- "L
M, = ~(HYPY M:'Y,T M, =(H)?Y,u /M2 M, = - (H?Y;Ms' Yy
e .
Inverse seesaw model The scotogenic model Radiative Dirac model
(H) (H) (HY o0, A o™ (H) s
W e . s . "o, gt
Yoi Ys #s Ys 1Y, SO Mg : Y, :
——— X — xS — e
"L VR:Sg Spi'R VL WY, " Y, " wm F RN N
(@) (@) (H)
H)? ¥ hy,f
M, = FugFT M, A% Y, M YT M, = o () LG8, M3, M2)
L e—— -
Integrate out heavy particles
LRPRIPRL , LOLRIPR®, LQPIPRL 2 x2 1+3
P P A S —
1 1 3 3 3 3
'1‘y;;1 Ty}:e:ll '1‘yp:111 3 x3 1 -+ 3 -+ 5%

Quv = eiremn? P (1)TCL = (1,)7C(F,).

KijL;L; HH 3 generation = 9 parameters!?

Jiang-Hao Yu




Dim-5 Weinberg Operator

Repeated fields leads to symmetries in the coupling parameters
2X2=14 + 35 SU (2) in QM

Only one Higgs doublet in SM If more than one Higgs doublet

IR T &+ B G ;|

’ (1a+3s) X (la+3s) =1ss+1aa+---
JAT3s }4{+3s

SS AA
anLzLJHH Kijkl (LZLijHl)SS + /{’L’jkl (L@L]HkHl)AA

Kij is symmetric: Kij = Kj;
4-fermion operators

3 generation = 6 parameters! L*L*LIL
Higgs self couplings
(g)g i 2" X 2" X2X2=(14+3s) X (1a+3s)
«x # -
(8S) * T * (AA) - TN
{ts, 5}, 2n2 @+m?, 1} | ({A, A}, L (-14n)2n2, 1} iz_;:crl (LiLijLl)(SS) +£:i:::z (LiLijLl)(AA)

2HDM = 10 parameters

45 parameters in 4-fermion operator
| Fonseca, GroupMath] Jiang-Hao Yu @



More Repeated Fields

So we need to keep track of S and A symmetries for repeated field

dPDD QiQ;QxLy

doublet SU(2) [and no hypercharge]

374 = 81 coupling parameters?

2X2X2Xx2=(2%x2)x(2x2)=
(1a+3s) X (1a+3s) =1lss+1laa+--: Keep AA only?

Keep SS CQIQQQ:; —_— EQI 602503 — C{QIQQQ;;} EB C{alag}a;, @ C{ala;;}ag @ C[alaga;;]

1 coupling parameters?

1 x 3 =3 coupling parameters?

[ Fonseca, GroupMath | Jiang-Hao Yu



More Repeated Fields

So we need to keep track of S and A symmetries for repeated field

Y0010 Q:iQ;QrLy

doublet SU(2) [and no hypercharge]

374 = 81 coupling parameters?

2X2X2Xx2=(2%x2)x(2x2)=
(1a+3s) X (1a+3s) =1ss+1aa+--- Keep AA only?

Keep SS Calazazs —_— 501 602603 - C{ﬂlazax} 2 C{ﬁlﬂz}ﬁzs 2> C{ﬁlﬁzs}ﬂz D C[ﬂlazﬁzs]

1 coupling parameters?

1 x 3 =3 coupling parameters?

Answer: 0!!! Answer: 19 x 3 =57 parameters!!!

It is not enough by keeping only S and A symmetries for repeated field!

Jiang-Hao Yu




Operator with Derivatives

New types of operators beyond SM Lagrangian: operator with more derivatives or more fields than just kinetic term in SM

Dim-5 & dim-6 operators contain D

F2D?
('l‘/):)'. II/)") ()‘")/)1 l({/) (‘2()/)2_ l,‘”j/)'_’
F2D? | FyD, v*¢D?, F$*D? | ¢ D, 9?2, ¢*D?

| v2D?, F¢D?
p2D?*, FoD? ‘ ¢°D?, YD

T ———————————

Which fields Ds should act to?
I "i;“f" D“D/Qp’ 99"97’1)/11)““!"’5 (D“p)'l}'—'ﬁ/“/D,/l}" and (l)/l%&’)“f_"'l)/l“f'ﬁy | ";"T'(f‘“/"!h D,,D,,{,f) 99".4'7’0,”/ DN Dl/",a""

W, alimi A~ YN ] )V
X! ‘!”A)'/IDV W (J"V}'/)A)'[l,}ll W DPX / U "7/ (2 D’ /\ P

(6'D"0)" (¢'Dus) (') (D) (D"0)]  (pl)D(e'p)
(') [(Due)'r! (D*e)]

Jiang-Hao Yu




Covariant Derivative

SMEFT should be gauge invariant: all derivatives should be covariant derivatives

14 1
D, =9, —ig, 5»‘(:;} - ~z_(,§T’ w! —igdYB

«
I

D ot D - ot (7] D T i
eliD, o =g (D,l — D,,) ¢ and ol Dy =ip (7’ D, —D,t ) Q. 0'Dyp = (Dup)'y

Gauge field should be gauge field tensor:

A wl v
Xl“/ € {Gl“/’ “""l“,, BI“/} X/“/ p— I X/)O’

TEI./)U
Q= HVY

G, = 0uGy = 0,G) — g, [1PCGIGY, (DGt = 0,G}h, = g J*PCCIGE,,
““‘N’/{u = () 2 H’:f - (')1/ ”’;{ — gE IJK “’[ll ”’ul\ ) (D P ““‘flw)l = (')/) ”/;{u -y 61.”\’ ““V/.)I ”I;{)u
B/u/ - (')[LBI/ - (')IIB[M D/)B/u/ - (')/)B;u/-
Bianchi identity (BI):
D[lelf/] — 0 DPDPX‘“/ - - (‘DleIXI/p + DPDI/XPII)

Covariant Derivative Commutator (CDC):

[Dp, DO] ~ X pa Yot D,D,p @-gﬂd”"’D,,,D,,-q’) — .g,."/,‘ZX(’O

Jiang-Hao Yu



Field Redefinition

Z[ji] = / Hmi exp (z / d'z
ol = (¢/

5(9)1

‘ exp <i/d4x

Lo+ 0Ly +nLy +mLY + Y jipi + T + On?)

Lo+nli+ Y _jipi + 0(772)])

T[¢] is any local function of any of the fields ¢

)

"+ 0Ty

ci=ci (@) 0u@)) o6t = ot = (&) =TIyl
Ly 0Ll oo (8L SLL N\
=5 = i = (st Oz )
3L 3L
~ (3o ~ 2z, iom) e
o W 5¢T . 4 / 5£6 5‘66 / . . 2
2 _/IZID% 8o (z/d x[ " (o‘«b')* _a“aau(sﬁ')*) el +nfytd g+ dpn + 0l )D

Equation of Motion (EOM)

Two equivalent operators related by EOM

Jiang-Hao Yu

the source term and the Jacobian can be neglected

[hep-ph/9304230].

Gaussian theorem on action

8, O

Total derivatives are removed

Integration by part (IBP)

23,

[ Artz, 1995 ]



EOM and IBP

SM Equations of motion:

(D“’D,Lgp)j = m%p — )\(aptcp) o — ety + qﬂik Lyu — (ITI‘J(H

iPl =T.ep, iPe=T1p", iDg=Tup+Tidp, iPu="L10"q  ipd= Fja,o*q.
(D”Gm,’)“" = (, ((ﬁ,,TAq o 'TL"/,,,T""N, e (Z'y,,TA(l), o

) g I "By = gYo¢'iDyp+ g Z Yy oy
(D HM,) =5 (,9 zD L+ 17,,,7 L + qyur q) we{l,e,q,u,d}

Total derivative examples:

(Dup) o + @' Dy = (8upt) @ +i(Aup) o + 0180 —ipT A
(Bﬂcpf)gc) + ¢80 = 8, (‘PT‘P)

(") (D™g) = (D" ') (D™ 1) + 0 (D) (D™ 1))

Jiang-Hao Yu



EOM and CDC

Dim-5 Operators:

- 1 3 5
N +h.
1 2 D?, FoD? | F2¢, Fap?
3 W2D?2, FoD? | ¢3D?, pd D P d?
5 26, F'l,a'_')2 '1;7')2(3')2 ¢°
Odd power of scalar, and SU(2)L transformation #rc""vr
Dim-6 Operators:
SN0 2 4 6
N +h.
0 F?2D? 3
Y D?, FFD?, ¢?D* FyD, v2oD?, Fo?D? | F2¢2, Fyp?o, o
F2D? | FyuD, V26 D?, F¢2D? Upd2 D, 22, ¢t D? VP o?
6 JaE 292, F,u.jz o, &4 l;,z &> ¢°

Jiang-Hao Yu



SMEFT Warsaw Basis

Grzadkowski, Iskrzynski, Misiak, Rosiek 2010

X3 0% and @*D? Y2 p?
Qc | [APCGlGEGSr | Q, (¢Tp)? Qe (o) (lpere)

g | [APCGGEGS | Qun (Pe)0(pte) Quy (o) (@pu, @)
Qw | KWW IrwEe | Qup | (¢! Do) (' Dyep) || Qs (") (@pdrp)
Qi IIK Wl{uv‘/’;lp Wpf{[l,

X2(,02 ¢2X99 1,02(,02D
Quc w aa G | Qur | (ome) oWl | QY | (oD, @) (brm,)
Q¢ oA, | Qi | (hoe)eBu || QY | (pliD] @)l y4L,)
Qo | ¢l W,f,,W”“’ Quc | (Go" T, )9 GF, || Qe (¢1i D, ) (@)
Qv | e WLw™ | Quv | @o™u)rgW, | Q% | (¢'iD,¢) @ a)
Qs | ¢'0BuB” | Qus | @o"u)FBu | QS | (£'iD} o) @7 a)
Q.5 ¢l By, B Qic | @o"TAd)pGl, | Quu | (91iDu ) (@ uy)
Quws | T oWLB™ | Quw | (@™ d) oW}, | Qua | (pliD,e)(dy*d,)
Quvs | oo WL,B" | Qus | (30" d)eBu || Quua | (P Dup) (i d,)
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SMEFT Warsaw Basis

Grzadkowski, Iskrzynski, Misiak, Rosiek 2010

(LL)(LL) (RR)(RR) (LL)(RR)
Qu (Lyuly ) (L™ ) Qe (€puer) (€7 er) Qe (Lyyule) (€7 er)
i (Tp Yt ) (57" 1) Quu (1 Yyt ) (s yH1uy) Quu (Ll ) (g™ uy)
i | @' a) (@ @) || Qua (dpyudy) (dy*dy) Qua (Lpypdr) (d w"df)
W | )@ | Qe | @e) @ u) | Qe | (@a) @' er)
| Gt L)@ T ) || Qe | (@uen)(diydy) o | (@) (" uy)
QL | (W) (dyrdy) o | (@A) @ TAuy)
Q) | (v, T4, ) (dyTAdy) || QL (Gp V) (dsy*dy)
Q| (@ Tq,) (dy"TAdy)
(LR)(RL) and (LR)(LR) B-violating
Qledq (l_,f,'e,)(_,sqf) Qaug eejn [(dQ)TC’“'@] [(Q.zj)Tle]
ngl)qd (@ ur)ejn(qhdy) Q@ qqu e [( NTCqP ] [(uz)TC'et]
Quuna | (@Twn)e(@TAdy) || Qg e e jerm [(657)TCl*] (@™ O]
Qlequ ([261')€jk((j.§ut) Q duu gP [(d“)TC’u ] [(uZ)TCet]
Qi | (Bower)ejn(@io uy)

Jiang-Hao Yu



Dim-6 SMEFT

Using an effective lagrangian technique we have studied systematically deviations
from the standard model which could be the low-energy manifestations of SU(3) x
SU(2) x U(1) invariant new interactions with scales A in the TeV range. The effective

lagrangian contains 1 dimension-five operator, which violates lepton number, and
80 baryon- and lepton-number conserving dimension-six operators.

16 EOM X™vv,Dy (D*9)eDyw 5 Fierz

When the Standard Model is considered as an effective low-energy theory, higher dimensional interaction terms appear in the Lagrangian
Dimension-six terms have been enumerated in the classical article by Buchmueller and Wyler [3]. Although redundance of some of those
operators has been already noted in the literature, no updated complete list has been published to date. Here we perform their classification
once again from the outset. Assuming baryon number conservation, we find 15 + 19 + 25 = 59 independent operators (barring flavour
structure and Hermitian conjugations), as compared to 16 + 35 + 29 = 80 in Ref [3]. The three summed numbers refer to operators containing
0, 2 and 4 fermion fields. If the assumption of baryon number conservation is relaxed, 5 new operators arise in the four-fermion sector

QQQL

When the Standard Model is considered as an effective low-energy theory, higher dimensional interaction terms appear in the Lagrangian.
Dimension-six terms have been enumerated in the classical article by Buchmueller and Wyler [3]. Although redundance of some of those operators
has been already noted in the literature, no updated complete list has been published to date. Here we perform their classification once again from
the outset. Assuming baryon number conservation, we find 15 + 19 + 25 = 59 independent operators (barring flavour structure and Hermitian
conjugations), as compared to 16 + 35 + 29 = 80 in Ref.[ he three summed numbers refer to operators containing O, 2 and 4 fermion fields. If
the assumption of baryon number conservation is relaxed @ operators arise in the four-fermion sector.

The leading order BNV operators arise at dimension
d = 6. The most general dimension-six Lagrangian can
be cast in 63 independent operators [7-11]. Out of these
63 operators, 59 operators preserve baryon number, and

Jiang-Hao Yu




Higher Dim Operators?

Expect much smaller effects for dim > 7

Aim— Aim—
AP ~ |Agy + =520 Zdms8

A2 %
Al + 2 A A L4 2, 2 4 A
~ SM| + F dim—6AgN T F| dim—6| + F dim—8-AgNM

HL-LHC starts to probe dim-8

Leading operators at dim-8

q V q v * v
——— T\ ~g
A A:>;< TGC
%
—_—— e = )
q ! q V q 7

Neutral triple gauge boson ZZ7., ZZ A, ZAA couplings

Jiang-Hao Yu



Higher Dim Operators

Y W\
\)
N AB y
< 9
N v
> d> 16 d>15 > 1
d>19 o’ = P d> 18
In — 3y nn — nu nn + nv Instanton
d>15 d>12 d>9 d>12 d>15
® @] -
nn — 4v nn — vy nn > T pp — el e” nn — 4v
&2 10 d>17 d>6 d=>9
n — 3v n—e m = etr!
d > 10 d>>5 d>>5 d > 10
Ovd 0v2f3 0v2f3 0v4p
AL

Jiang-Hao Yu

[ Heeck, Takhistov, 2020]




Higher Dim Operators

>

oo

| -

L

c

L

A
-
(N
W
P
(V)]
~ 100 GeV |-
-
m dinl — 3 ) dilrl —
EI L) = d — uev
v
~1GeV | W oy

-
a
¥
Q

~100MeV |

AA,AP,PP.MM AA,AP,PP AP,PP
Mg, Mgp'r MFp,sd; MGT.sd ’ MT,sd

v

\4 T{)V2(0+ —07)

[ Cirigliano, Dekens, de Vries, Graesser, 2018]
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Partial Set of EFT Operator

Can we only write down partial set of operators?

€L €Rr

Operators convert to each other, and to other types!

Hard to pick up unless complete set 1s known.

Jiang-Hao Yu




Two Difficulties

Difficult to write down!

Repeated fields

Repeatedly use EOM, IBP, CDC Symmetric group and SU(nf)

Derivatives

More symmetries?

Jiang-Hao Yu @



Real Scalar EFT

Real scalar Lagrangian: ¢n

82?7,¢27 82n¢37 02n¢47

How many independent operators of the form 32n¢4 ?

2n |0 2 4 6 8 10 12 14 16
10 1 11

# independent 80°"¢* operators 1 2 1 2
1
s+t+u =0
st t2+u?
s3+t3+u3 ~ stu
(s2+t2+u?)?
stu (s2+t2+u?)

(s2+t2+u?)3 & (stu)?

stu (s2+t2+u?)?

(s2+t2+u2)* & (stu)?(s2+t2+u?)
Magic things happen?! | Elvang 2020]

Jiang-Hao Yu



Spacetime Symmetry




SO(N) Group

[X;u/a Xaﬂ] - X;U/Xa,B - XaBX;w X;uz - _Xu;u H,V = la 2’ T N
- i((s;szu,B + (SVBX/I(! ;AJXI/()( - uaX;t,S) .

SO(n) SO(n-1,1)

h d d h 0 0 h 9] J
.]j’k,—{(JJ()TA—J ()TJ) Lj‘A;=7< .E—JA()JJ)’ L()J '—'<J0()JJ+JJ()J()>
[]" ]A(’] = th (ikJje + 0je ik — Oie Jik — (5J‘A Jie) [L(),ja L(),I\r] - _":h'Lj,ka [L().jv Lk.n] = ih ((sjnLOJ\f o 51"\7[‘();") ’

J17y VR — vt \U1g v JEevk Y 1R TRt . ~ - 5 y
[LI\:,j’ Lm,n] = ih (()I\:ij,n + ()'nle\:,m - ()I\:'nLj,m - ()ijk,n) .
SO(3,1)
(M2, Ma3, M31) = (J3,J1, J2) , FMA My, = J? - K2,
(Mo1, Moz, Moz) = (K1, K2, K3) | $ M Mor = =3 - X

s ) = idoy [Ty J.] = i, [ e, Ju] = iy
[M)\m M;w] - _i(gAuMpu + gpuM)\u - g)\uMpu - gpuM)\u)
U(2)/Zs, Zs = {—1,1}

tensor rep -
coverin rou
g group M; = 1(J; +iK;)
N; = -%(Jz — ZI{I)
R(e, B,7) = et/ 2cos /2 €(@=)/25in 3/2
Ccos @ cos [ cos sin arsin U s [y —_— —iley — . _ ’
(—cosﬁcosj')’sin’yn—cosnsin“y ((Y IB’Y) <_C ia=7)/2 Sin [3/2 e iat+v)/2 COSﬁ/2> - .
—cosysin b M’I,7M]] - ZerkMk )
a . -
- (—b* a*) Niy Nl = el
M;,N;] =0
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SO(3,1) Irreps

SO(3,1) not simply connected, find irrep by its covering group SL(2,C)

0, .3 1 _ ;0.2
Mmoo o ,.1 .2 .3 : : _ p_ [ T FT T —x
xrr = (x N/ A I ) complexification X =oux 2l g2 20— g3
ApxAy —_— l
s ! = 5Tr(c" X)
Spinor rep under SU(2) x SU(2) 6\
The (3, 0) Representation || The (0, 1) Representation
Nv+:l(J'+iK~) et Nt = L ik =0
! 2 2 i = 2( i +1 1) -
1 : :
N =i —iK) =0 Complex conjugate N- = %(J,- ) e %6,‘.

1 N
K,' = —i lC','. J,‘ = IK, - l0','. ‘]i = 50i, Ki =170;.
2 2 2 2

The (%, %) Representation
(o]
’ tensor rep

. - ig_la. ¢ ia. L. d . . . o
‘,uh Ve d _ (8 50-0—5¢-0 ) ((’ 50-0+5¢0 ) ‘,uh ‘,ub — \'“O’ﬁb — (\.O vl 2 ‘.3) 1
a b 02

03
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SM Fields Under SL(2,C)

Yo € (1/2,0), ! €(0,1/2), H; € (0,0), H'" € (0,0),

! / l — v (22 | w PR,

Jiang-Hao Yu

2 3
h = jr = Ji
Fields | SU(2); x SU(2), h SU3)e SU(2)w U(1l)y | Flavor
GA (1,0) -1 8 1 0 1
Wi, (1,0) -1 1 3 0 1
BLas (1,0) ~1 1 1 0 1
Lqi (5.0) ~1/2 1 2 -1/2 | ny
€an (% 0) -1/2 1 1 1 ny
Qaai (5,0 ~1/2 3 2 1/6 ny
ul, (3:0) -1/2 3 1 -2/3 ng
de, (3.0) -1/2 3 1 1/3 ng
H; (0,0) 0 1 2 1/2 1
Hermitian conjugate (Frap)' = Frag
H' (and L', Q") as a 2 of SU(2) ¢TH'H;. Hg — ¢H] er = eb,ur = ub, dp = d,
H = eHt




S0O(3,1) Spinor Rep

L (L

Clifford algebra {I‘i,]:‘j} — 25,L—j, i=1,---,N AT RRES O e s e
—1
T = STHa)wS (@) = Y awn S(a) rep of SON)
SO(2n) SO(2n+1)
0 irreducible rep of SO(N)
O-,Uf Sl(a) 0
— S a) =
Th (O'L 0 ) @) 0  Saa) T4
Reducible rep of SO(N) L, Yo VYo (1<), Yu oA (< <),
_ Tty Y1273 UN-
ST 1 a)o,S1(a Zaﬂua,/, Sy ( Zawau,
Tr 02T} ] = 6P 9w, A B=S,V.T,A,P,
1
J/(zj/_) — Z (O'MO'i — O'VO'L) A — 717273 . e ny.
1
) = i
J,S,,) =7 (O'Lo-y - 0,/0/1) A — Avy,, if N =2M + 1(odd),
L) () () N N ) Tu = —A~y,, if N =2M(even)
['];(w)7 Jaﬁ = —du J . 51/5*]/,(@) + 5#5Jz£a) + 5vaJu[3

[A, FA] =0 For odd N only
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Spinor Notation

£ _
v=| ). @
(X‘”“)

U0y =X§ 6o + Eaxd”
U1y Wy =X b x5 + 646" a0 |
Uy oWy =x7 ("), ﬁ§2ﬁ + da (5’“/)& Bxg ;
VIO, =60600 + X]axs" s
T Oyl =£0 0" X3 + X1 40" 6o

iy = (x°, &)

VT Co Wy =€ (0™),, Plap + x1a (6") 5xd
U, 00T =l el 4 oo
U Oy =X?"Za§;d + fIa5umX2a |

Ty CUF =€l ()% 5617 + x5 (0"), Pxas

() e(5) e (3) w ()

QL:(OaQT)a ﬂR:(uc70)7 JR:(dc70)7 lL:(OaLT)a

uca“ul = ay'u, e.L=¢el, u'd =u'Cd.

C C

Jiang-Hao Yu

0

)

el

er = (e., 0).




Fierz and Schouten Ildentities

8iOk1 \ (1/4 1/4  1/4 —1/4 1/4\( 810k \

(V") a5 (V) ket 1 -12 0 -1/2 -1 (Y)it (Vi) ks
s(@)ijlow) | =1 3/2 0 -1/2 0 3/2 5 ()it (0w )k
(Y*5) a5 (VY5 ) Kt -1 -1/2 0 -1/2 1 (YH5 )it (V5 ) ke

(75)i5 (75 ) ki ) \1/4 —-1/4 1/4  1/4 1/4/\ (75 )it (75) &

guvagaagg = 2€a8€45;

e*P§Y 4+ P15 768 = 0.

4508 + 5505 + E50% = 0

(@1)(0d) = — J(dd)(@) ~ 3("d) () — 5 (Ao d)oul) + (A7 950) (s = () ()

= (@) ('
(ICQICq) =~ (W)(aa) + (14" (@ua) + i(imwz><qo,wq) + 3 (s @ns) — 3 (sl (@sa)

:%(_ FO(FV0q) - (‘
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LLHH

Symmetry of the coupling parameters:

LL HH
SUB)c \ \
SU(2)w
SU(2), \

SU(2), \ \

Grassmann \

Flavor X x [ =
3+3 =6
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LLHH

LL HH
SU(3)c \ \
sven | {77 )|
SU(2)i \
SU(2)r \ \
Grassmann \
Y
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QQQL Operator

Q’ L
SU@B)c \
SU(2)w
SU(2),
SU(2)r \ \
Grassmann \
Flavor X X x| |= + 4+ «[ 1=

Va

EEIEEE

[
S[=

~ |
@ | [=+]=
=
=]
=
=

(1]1]2h[1[1]3}[1]2]2}[1]2][3}[1]3]3}[2[2]2}[2][2[3};[2]3[3};[3]3]3],
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Sn x SU(m) Group

Three spin-1/2 particle wave function:

202R2=402dD2

¥4+ (1)Y+(2)9+(3)
Vi ()P4 (2)9-(3) + ¥4+ (1)¥-(2)9+ (3) + ¥- ()94 (2)¥+(3)
Vi (DY-(2)Y-(3) + - (1) (2)v-(3) + ¥-(1)¥-(2)¥4(3) S3 1-dim irrrep [3]
¥-(1)¥-(2)y-(3)

SU(2) 4-dim irrrep 4

) = 2¢3(1)Y4(2)9-(3) — ¥4 (1)9-(2)4(3) — ¥-(1)¥+(2)+(3)
2) = 26-(9- (294 (3) = Y4 (p-2)9-(3) = - (4 (¥-(3)
3) = 29:(1)Y-(2)¥+(3) — ¥+ (1)¥+(2)¥-(3) — v-(1)¥+(2)¥+(3)
[4) = 2¢-(1)¥4(2)9-(3) — ¥4 (1)¥-(2)¥-(3) — ¥-(1)¥-(2)¥+(3)

@ 2)) SU(2) 2-dim irrrep

o)

S3 2-dim irrrep [2 1]
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Flavor Tensor

Three 1/2-particle with 3 flavors:

IRIRI=1008B8d1

r

SU(3) 1-d irrrep s

t
SU(3) 8-d irrrep : s].
SU(3) 10-d irrrep  [r[s]t]:

S3 1-dim irrrep [111]

[ro]=] [eo[ro[ ]

1] {1]1][2][2][1]2]

1 1
?i ’3 ’l’

3] [2]3] [1]2] [1]3] S3 2-dim irrrep [21]

2[3][1]2][1
3] 3] 2]
[2[2},(1]2]3},[1]3]3}[2[2[2}[2[2[3],[2]3]3):[3[3]3), S3 1-dim irrrep [3]

1[1[1][1]1]2}{1[1]3}]

[a—y

2) [3) [4) [5) [6) [7) |SD SU(3) 8-dim irrrep
2') [3') |4') |5') |6) |7) |8")

S3 2-dim irrrep [2 1]

Schur-Weyl theorem:

{11e@)@{1}e1))®---@{1}® ()= {\}®®)

N factors AFN
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Plethysm

N Identical non-fundamental particles with nf flavors

6 X6 x6 =13 + 273 + %{;;} + 82,1y + 2721} + ﬁ{z,l} + 101,11y + 1_0{1,1,1} :

- Plethysms[SU3, 6, {3}, UseName -» True]
Out[+ J= {{2_8, 1}, {1, 1}, {27, 1}}

- Plethysms[SU3, 6, {2, 1}, UseName -» True]
our-- {{35, 1}, {8, 1}, {27, 1}}

n - Plethysms[SU3, 6, {1, 1, 1}, UseName - True]
Outf« ]= {{1_6, 1}, {19, 1}}

./ /- PermutationSymmetry[SU2, {2, 2, 3, 3}, UseName - True]

our-= {{{1 2}, {3, 4}}, {{{7, {00, COO}}» 1}, ({3, {00, LI} 21,
13 B 2 {13 8B Bl 2 (s e mns 1 5 (e f s 2
{5 B o) 1) (it (s B 21 ({2 (B m)s 1))

- PermutationSymmetry[SU2, {2, 2, 2, 3}, UseName - True]
{{{1: 2: 3}1 {4}}1 {{{6) {mj) D}}) 1}) {{23 {Dj:l: D}}: 1}1

W2 1B gy 1 (4 (omms o 1 {4 (5 o 1))
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Characters of SU(N)

Character of discrete Sn group: Class (1%) (2,1) (3)
Np 1 3 2
X 1 1 1
x 2V 2 0 —1
3
A 1 —1 1

Character of semi-simple group SU(N): n-1 complex variables

X(g) — X(-Lk) = tr |:(3iz"~' 9k11k:| T = (_3'i9k

SU(2) rep:

o 0T dlag(eije,ez(y—l)e, ,ez(—j)é?) = (4,452, oy )
1 — y—4j—2 y2j+1 _ y—2j—1

X_y2g_|_y2g 2_|_. _|_y2g_y2] —— = —

-y Yy—y
SU(3) rep:
1 21 zi? 29 z%
X(SU(@3))g(21,22) = z122 + +24+ 5+ =+ 5+ -=.
Z122 22 z92 Zl Z1

Weyl character formula in general

Jiang-Hao Yu




Plethysm of Characters

Sy and U(n) characters

Schur-Weyl duality Plethysm
U(n) fund. rep U(n) higher rep

U(n) characters

| | A Sk @ S\ — ,)(')‘ ' E;\V
3)\(3) - N Z “"/),.,-\/,)])/)(z) ;
pEN sy =81 s\ = X/\ B = % Z “/»X"//}P/"
L

n
pr(z) = Zz:‘
i=1

—

S3 has three irreps, labeled by A = (3), (21), U(3) X S2
)
three classes, p = (15) (2 1) and (3) [‘.’.2 @ '5.2](.,17) — ‘,’,2(:(2)(;")) _ 252)(417):‘(}.2)(;17)
i<j |

Schur symmetrlc function - ;1."1' + .'1."‘13;1.'% + .'17%.‘17% + .'1.':1‘.‘1.'2 + ;zrfgzrg;lfzs + .‘17:1‘.'1-':; + e

XSym“(R)(’Z)

B —
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Plethystic Exponential (PE)

Sum over all possible Plethysm, add spurion (not field) for repeated field

(® @] 00
, L, .
PE[¢r Xr(2)] = ) ¢k Xsym"(®)(2) = exp [Z ~OR XR(2 )]
n=_0 r=1
z = {311 JURC '31';mk((})}
00 o0 1+l ) )
PEF[¢r xr(2)] = Z PR Xan(r)(2) = exp [Z PR XR(Z' )]

n=>_ r=1

PE[(,I‘)R, « ooy Q,QR/] — PE[(QR] v PE[¢R1]

Tensor product of spurions

S00) + xa(1)) 6 + 0(°)

=14 xa(y) o+ X3(U)CD + 0o ) [ Feng, Hanany, He, 2007 ]
[ Hanany, Jenkins, Manohar, Torri, 2010]

[ Lehmann, Martin, 2015] @
Jiang-Hao Yu
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Oy x2(y ]—1+X2( )¢ +

E[¢2] = exp {i



Hilbert Series

I)E [(;)R, ¢« ooy (,QR/] — I)E[(;)R] ¢ o0 I)E[(,QR/]

Schur theorem: orthonormal with Haar measure integral

’ (1/1-(.'(.(/) ;\“‘R(.(/) X R (g) = OR R’

Project onto trivial representation

H((,’)R, ¢ o0y {,QR/) = / (1/1.(; I)E[(,")R, ¢ o uy L,ORI] .
Molien-Weyl formula

Hilbert series: series for group invariant (q)

(> @)

H(q) = Z ¢ q

r=0

generating function that counts the number (c) of independent group invariants (q)

H(p2, ¢L) = /dllsur(z)(!/) (L+ (P2 + dL)x2(y) + (05 + 0L *)xs(y) + (205 x2(y)x2(y) + -..)

' L [ d ‘
/‘U‘Slf(z)('!/) = ~— —/(l — yz)

2, lyl=1 Y

Jiang-Hao Yu @
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Character and Haar Measure

Group Representation Character Haar measure
Lorentz (0,0) 1
1 y 1
(5’ (1)) Y+ yll
(0,3) Y2 + o
(5,0)® (0, 3) 'y1+L+y2+i
11
11 + L)y + &
(1,0) & (0,1) y? + 1 + yf + (11 <—> Ya) @ri)Z Flyi|=1 u Y1
dyz (1 _ 4,2
(2,0) @ (0,2) yi+uf + 1+ gz + gr + (1 © 12) X Blyal=1 3o (1~ 2)
(3:3) (yi)’+iy1+;—l+;—f)(y2+y%)
(3:3) (i + 50) W3+ + oo + o5)
U(1) charge @ x? o z|=1 b
SU(2) singlet 1
fundamental /doublet Yy + % ﬁ jﬂy|:1 d—yy(l —y?)
triplet /adjoint >+ 1+ yl—;,
SU(3) singlet 1
fundamental /3 21+ 2+ 4 1
) / _ R 212 (27i)2 le| =1 22 f|22| =1 zg
antifundamental /3 2 + o+ 2 L2
1— 1— 1 -
adjoint zlzz+-7=+—’~+2+—1+—’~+ <(1=zz) (1= 21 - 2

Z1‘32
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SMEFT Counting

- U(1 SU(2 SU(3
Xa(Z1, T2, T, Y, 21, 22) =X[SU(2)l><SU(2),]($1awz)Xa( )(w)Xa | )(y)Xa ( )(zl,zz)

U(l SU (2 SU(3
Xo = X(2,5,0) (D B8) Xy )6 (@) Xz O (y) X3 (21, 22)

2
Q — 1 L Q
PE[_' ]: ~(=1)"™ - X D" a", "
'D%XQ exXp ; T‘( ) D%r X[%,(%,o)]( «Q «B)
UQ), =  SU(@2), r  SUB), r _r
xxé( '@ xa" D7) x5 )(21,22)>
00
Hig) =) od -
1 [ Lehmann, Martin, 2015]
r=0

GB¢@LQB~4Sd2d'2¢81ded° e"+36e‘e *+G"7+B*HH +G°HH +9BelLH +9BdQH +9dGQH -

HB™“H +HG *H +9eHLH *+9dHQH *+H H’+81dLd L +8lelLe L +81dQe L +9HB " L™~
OH' e " H L"+45L°L"%+81elLd Q" +162dQd Q" +9HB d Q" +81eQe"Q +9Hd G Q" +9H'd " H Q" -
162LQL Q" +90Q° Q™ *+57L" Q" +81LQd u" +54Q°e" u" +9B " H' Q U +9G H' Q U +9HH*Q u™ -
162e” L Q u"+162d" Q *u" +81d e " U™ +HB H W «9He LW «9Hd " Q W +9H Q u W +HH W*+u
9BHQU+9GHQuU+162elLQu+162dQ°u+9H°QH u+81dL Q u+54eQ*u+162dd  u" u+8lee’u  u
81LL u" u+162QQ  u u+81deu’+45u"  U*+BHH W+9eLH W+9dQH W+9HQUW-+HH W +W -
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Operators with Derivative

Integration by part (IBP):

Operators

Symmetrize operator Lorentz indices

Descendants (total derivatives) <

8,0

0(,0,,)O > Form free field irrep of conformal group

Jiang-Hao Yu
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Conformal Group S0(4,2)

From SO(3,1) to SO(4,2) n= diag(;i—ll/,—l, —1,—1) — diag(+1,+1,-1, -1,-1, 1)

[X;111~ X()J] =1 (6;10X1/.3 + (sudX/m — 5/1.3Xl/n - 6110X;13) .

1 1
XNV = M'u,,, X—lﬂ = E(P'u — KN)’ XOM = E(PH -+ KP«)’ and X_l,() =D
1);1, - —1();1
M,, = i(r,0, —x,0,)

D = —ixlo,
K, = -17(:1:2(‘),,‘ — 2x,2"0,)

(D, Pu] = —iP,

[D’ K#: = 1K,

K, P, =2i(n,D+M,,),

My, K, = i(mupo Ky — nupK,),

[]\/fi,]\/fj] = ’szjk]\f[k )
[Ni, N;] = i€ijuNy |

Cartan subalgebra: [Mi, Nj] = 0.

Hy = {D,M;,Ns},E, = {P,,M.,N,},and E_ = {K,,M_,N_}

Jiang-Hao Yu




Conformal Group Rep

SO(3,1)

A MM M, = 32— K2
%G'IU/GTA:[/AI/AJUT =—-J-K ’

AN-|—
< >
My
v
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)

P‘Z — [);1P“
W?=w,Ww#
W, = €uygr M7 P

Wo=P-J,
W=FJ-PxK.

P invariant subgroup:

[wo, w+] = Tmw+

[,.u.,+7 u;_] = 2771«?.00

States
m, p, j, o)

Jiang-Hao Yu

SO(4,2)

3 casimirs

%]\,[/’“/]\([l“/ + D(D - (i) _PHKM

E,={P,M,,N,} E_={K, M_,N_}

Ny

A/ P,
>




Operators and Character

Primary operator and descendants:

Scaling dim. Spin
¢ & A /
Ox 9 \ d A+1 513) ® 7

0,0 O, i @ + (3:3)®
RAJ - 8 #é #82 y (b a/-"la/le) A + 2 SyIIlz(%, %) ® f
\ = #’2 e ) 010150y, @ A+ 2 sym3(%, %) 4

Characters
XAk = tTja.p- [eieD+i9L.l;j+wg.I;§] g = €D g, = LI} and o = ei0rJR

o0
A _ A
=) Xy (1. 1ee(®) = @ xe(x Zq"xsymn( (z) = g™ xe(x1, 22)P(g, 7)
n=>0 n=0

£r = (1131,-’132)

Haar measure Z ¢" Xoymn (1,1 () = PE [gx(1,

n=>0

d — [ d % .
rsow = | T T oriq P*(q,2)P(q, )
[ Henning, Lu, Melia, Murayama, 2017]
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IBP and EOM

Keep only the primary operator contribution = solve IBP

PE [pxa(g,z)] =1+ Z ¢" Xsymn (a,0)(q, ) tensor decomposition
n=l1 Xsym™(A,¢) (4, T) Z bA oXare(q, )

=1+ Z Z(P”b(a')wXA olgx) =1+ Z car e (d)xare (g, x)

A’V n=1 A7

project onto primary states

\/(1#50(4.2) X*A’.(0.0) PE [(bXA.f((]aJ:)]

¢ / = ¢ n
0.0~ 1+ Tesiva ()P = 1+ 3 cssmon ()P
A’

n=,(0

H(D ')—1+/d 7{‘11 D\® 11 (PE[i (¢ :1')]—1)
@) = . 'uL, 271 \ ¢ q—D P(q,x) pAXALDT

[ Henning, Lu, Melia, Murayama, 2017]
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IBP and EOM

EOM: identify EOM symmetry and remove it

2 2
DltlDlt'zd):EDlllDlt'z o inltlltzD )‘E'FiZ)ItlltzD di"

Traceless Trace

Xsyxxl"(%,%)(m) - 5(’71("1") + Xsyxxn"“(%,%)("l")'l

50 0 50
i[l.(O.())](qv:L') = Z q”"fn(i’f) =4q (Z ansym"(%.%)(‘/I’.) o Z q”Xsym”"Z(%.%)(w))

n=>0 n=>0 n=2
o0
=g (1 o (12) Z (IHXsym"(%.%)(w) = 4q (1 - (12)P((171)
n=>0
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Fields Under Conformal Group

Character of product Irrep

Representation Character
11,(0,0)] D(l - DQ)P(D,:I;l,:L'z)
:%, (%90) D2 (X(%,O)(:El,l?) - DX(O,%)(ZUL $2))P(D7$17 2)
:%’ (0, %) D> (X(O,%)(-’E17$2) - DX(%,O)(CH, $2))P(Da$1, T2)
[%, (%, 0) @ (0, %)] D: (X(%,O)@(O,%)(-’I;laff2) - DX(%,O)@(O,%)(-’Bla-'L'Q))P(Da T1,22)
2,(1,0) & (0,1)] D? (X(l,O)@(o,l)(l“l, To) — 21))((%,,217 (71, 22) + 2D2)P(D, T1,T2)

D? (X(z,O)@(o,z)(fﬂl,wz) — DX (3, 1)g(L,3) (21, 22)

+D*X(1.0)®(0.1) (%1, -’Ifz))P(D, T1,T2)

1
(1 =Dap)(1 -D/ap)(1 - Da/B)(1 —DpS/a)

P(D,a, ) =
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SMEFT Results

:(2;) j{dil(l_ )?{dzz 1_$2)fdxfdy 2)]4szde2 1_2122)( _g)( _f)

[ 2lz(l+y +y) (21 + yra? + y* (1 + 27)? (14 o2 +y)(:L'z+y4:r3+yz(1+£L‘%)2)+ ]

> +( N2y’ 2.2

y2xy Yy=xs
= o’ + (p")*(1)?, (5.7)
[ Henning, Lu, Melia, Murayama, 2017]

Hse =H*H" +u'QTHH"? +2Q%Q"? + QT°LT + Q°L + 2QQ'LL + L?L'? + uQH?H'!
+2un'QQ" + uu' LLT + vu'? + e'u'Q* + ' L'H?H'" + 2¢"u'QTLT + e LHH? + euQ'?
+2euQL + ee'QQT + ee' LLT + eefuu' + e2e'?2 + d'QTH?HT + 2d"u' Q"2 + d'u'QL
+dlelu'? +d'eQ'L + dAQHH'? + 2duQ? + duQ' LT + de'QL" + deu® + 2dd'QQ" + dd' LL'
+2dd'uu’ + dd'ee’ + d*d'? + u'Q'H'Gr +d'Q'HGRr + HH'G% + G% + uQHG L
+dQH'GL + HH'G3 + G} +u' Q' H'Wr+ ' L'HWRr +d'"Q"HWRr + HH'WZ + W3
+uQHWy +eLH'W, +dQH'W, + HH'W?2 + W} + u'Q'H'By + ¢! L'HBp
+d'Q"HBr + HH'BRWgr + HH'B% + uQHB +eLH'B; +dQH'B, + HH' B, W,
+HH'B? +2QQ'HH'D + 2LL'HH' D+ wu'HH'D + ee'HH'D + d'uH*D + du' H'*D
+dd"HH'D + 2H?*H'?D? . (3.20)
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SMEFT Results
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Young Tensor Basis

- Hao-Lin Li, Zhe Ren, Jing Shu, Ming-Lei Xiao, JHY, Yu-Hui Zheng, 2005.00008

Hao-Lin Li, Zhe Ren, Ming-Lei Xiao, JHY, Yu-Hui Zheng, 2007.07899
Hao-Lin Li, Zhe Ren, Ming-Lei Xiao, JHY, Yu-Hui Zheng, 2012.09188

= Hao-Lin Li, Jing Shu, Ming-Lei Xiao, JHY, 2012.11615

ITP-CAS group <




Higher Dim Operators!?

Given numbers of independent operators

Derivatives

BWHHTD?

2

does not mean we know explicit form of operators!

(D‘.ZHf

)
(D, HT)

HYHB,,,(D"D,W[?), H'HB,,,(D,D"W/").

HBL W}, (D"D,H)HBL,,W}*, (D,D*H )HBL,,W}°, (D H")(D"H)BL.,,W}",
(DH)Br,,Wi*, (DYHY)(D,H)Br.,,Wi", (D,HYH(D"Br,,)W};”, (D,H')YH(D"Bp,,)W}",
(D"H")H(DyBLu,)WL?, (DuH")VH By, (DEWEA (DH ) H By, (D"W{?), (D”H')HBLyy(DuWE),
HY(D*H) B, W', H'(D*DyH)Bru,W; s 1 I @) BL,,,W[”. H'(D*H)(DuBLu,)W;”,
HY(D"H)(D,Br.,,)W}*, Hf(D“H)(L)“B,,,,,,)Yl)‘/’,\@(D"H)B;,,,,,(D,,H",’j”), HY(DYH)Bro,,(D W),
HY (D H)Br,,(D*W}*), H'H(D?By,, )W H'H(D"D, B, )W;?, H H(D,D"BL,,)W}",
HYH(D"By,,)(D,W["), H'H(D"By,,,)(D,W§?), H'H(D,Br,,)(D"Wi), H'HBy,,(D*W}"),

Repeated fields

QEQL
57

(14)

Qqqqﬂ — prst

ﬁabcﬁikﬁjl(Iqﬁcgraj)(cgsbkCthl)
abc § k)(Qrantcl)

k)(CQTaj(thl)
Eabcfijekl([qﬁCQTaj)(cgsbkcgtcl)

prst

eabc;

DTy S8,t = 172’3

Which 2 should be picked up?

Jiang-Hao Yu

What flavor relations should
be imposed?
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Operator as Group Invariant

Start from the effective operator contributing to muon g-2:

Gauge invariance: gauge factor

/ 2019203 =1030365

mu/p, )T c,ol/V (l,0" e,) 0B,

NN

Lorentz invariance: Lorentz indices contracted in pair

(%0) ® (%0) ® (0,0)®[(1,00®(0,1)] = (0,0) @ (1,0) & (2,0) ® (1,1) & (1,0) & (0,1)

Redundancies: equation of motion, integration by part, covariant derivative commutator

X“""J)’Y,,,D,,’l/) 99"7/_)0'/“/ D/l. Du "/" ( D”’(p)‘l/_)D“_ "/)
pl,o"” D, D,e, (l_pDMeT)Du(p

Jiang-Hao Yu




Operator as On-shell Amplitude

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

w(! %LY L. ~ ~
Wl Aé <2]> - /\?(‘/\]
FL:.:? — Fyuazg )\u)\ﬁ .
F' = Fue" | Ak [ij] = Aie);
(Lot e, )T WL, AadagAgAd 71 14][24] 77

[ Shadmi, Weiss, 2018]
[ Ma, Shu, Xiao, 2019]
[ Durieux, Kitahara, Shadmi, Weiss, 2019]
[ Falkowski, Machado, 2019]

[ Durieux, Kitahara, Machado, Shadmi, Weiss, 2020]

Stripped contact term bases for all 4-point amplitudes

[ Refer to Machado’s talk for more details ]

S

All 3-particle massless amplitudes except FA3 vanish at on-shell

P 2 m ‘i)
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Operator as On-shell Amplitude

Currently hard to systematically construct more than 4-particle amplitude
[ Durieux, Kitahara, Machado, Shadmi, Weiss, 2020]

D .
N-nl | e N=4
10 2 4 6 8 .
N+ N e
o ! \  r i
) F20yD, 42p?, | Fyt, F2y%, | N =3
FL'2QD?; F202D2 Fi(p?
TN e S
FP2E?, FFOYD, " pia i pagag ot N=6
20212 24752 LA Gl VIR ST =
V2 D*, FYi¢D - e Vio®, Fyie®™,
4 | T e oU3oD, Foibe®D, |
FF '2‘1‘)‘2 .4 D‘l 2.8 ’ F?"-l
“‘(")" ) (9 ’ 2 .f“' 2 | 2 | L. (r)
"""" 62 D YD, FomD® | L
‘‘‘‘‘ vYq N . 7
""""" Fo2y?, P23, |
j "T‘. T Tt al al . “,'i,-'., wAAdY L e
F%”L’{D;“ D2, IR e s Y ""2""29‘%" VoD, (205
6 | | _ __. VPYeP] Fuove D, | - . KA
F 112 'D2 F2 2D2 ------ 4 ()D2
‘‘‘‘‘ yroL=, I'¢ D 30 a2 e ¢
“““““““““““““ V=’ D=, Fo D =8
""""" =4 Fyt, 2%, Vio?, Fu?g? o 5 g
“““ 8 F . ‘:; 2 ‘ﬁ‘é' 4 ‘y".(b (r?‘a"‘
"""""" 30 L F2 g
HJ‘ H k .
y (TI)J I‘r[I“/ (()":])U’LULT"\') HTJ (HT H)
-2 dim-8: I oo VL W1
g (lpo e, )T oW,
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Operator as Spinor Tensor

Consider dim-8 g-2 operator with derivatives

ﬂ/‘m‘

<
DED*W,, (e.,L,) H', D*W,, (D¥e_,L,) H', D*W,, (e.,D"L,) H', DFW,,, (e.,L,) DVHT, —

W, (D*DVe_,L,) H, W, (D*e_,D"L,) H', W,,, (D*e_,L,) D*H', W, (e.,D*D"L,) H,

v I Ways to add D2 W (e.puD*L,) DYH, W, (e, L) D*D"H', D*D, W, (e.,0"*L,) H', D,D'W,, (e.,0"*L,) H'
(lpO' er)T QDVVM/ DFWs (Dyepo” L) HY, D,W, (D*e 0" L) H', D*W, (e.po" D, L) H', D, W, (e.po"*D"L,) HT,

DFW, (e.po” L,) D, H', D,W,, (e,0"*L,) D*H', W, (D*D,e.,0"*L,) H', W, (D,D"e_,a"*L,) H',
W, (D*e,0"*D, L) HY, W5 (Dyepo”*DPL,) HY, Wy (D¥e 0" L,) D HY, W,y (Dye,0"*L,) DFHT,
Wy (e.po” DD, L) HY, W,y (e.po”* D, D*L,) HY, W\ (e.,0"*D*L,) D,H', W, (e.p0"*D,L,) D*HT,

W (e.,0"*L,) D*D,H', W, (e.,0"*L,) D,D*Ht, {W — W} (¢

Each field belongs to a SL(2, C) irrep

,H € (0,0) o € (1/2,0)  Frag = %F,“,aaﬂ € (1,0) Dag = Do, €

—_—
= = S

Operator with explicit spinor indices

2 2
(=20 Xy 0 93 .\ (g
€a,az€a a3 €asay€ hd Fl( ! L2} ? (DL3)(',[:,: (Do-l)d4

F{o93 (D¥3) o 54 (Do),

How to obtain independent operator with derivatives systematically?

Jiang-Hao Yu
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Equation of Motion (EOM)

For fields with derivatives, symmetric and antisymmetric indices:

1 1
(DY)aga = =5€apPi)a + 5 (D¥)(@p)a G3)e (o) =(03)e(.3)
1 1 1
<§,§> X (5,()) (0!1/2) (1!1/2)
(D%6)apis = 5€as€as D" Dud — 7eapehlDus Dl — 16asd 5Dy D6+ 7(D°0) iy
(33)<(33)  (0,0) (1,0) (0,1) (1,1)

Only take the highest weight for field with derivatives

DY e (jl + 'zi/ + %) B Towerweighits

with totally symmetric spinor indices

EOM removed by taking highest weight!

Covariant derivative commutator, Bianchi identity also removed

Jiang-Hao Yu




Operator as Spinor Tensor

Any operator can be written with totally symmetric spinor indices:

o
0 — (f €a; &

:"12

1=1

1-—|hz|
@ rz—h

. . t
304 l;'(
6(!1(!3 6(!1(!3 6(!2(!46 1

Transformation under SL(2,C) x SU(N)

(DL?')(tr; (Dol)(t.;

(x4

x; (x _]CY;\(\'[
€ J—)EUA )

[ ~
faza) — Zutkut GQ)\CY[

1,7, k,l=1to N

= [1?

Jiang-Hao Yu

— [lN—‘z]

gijkry k-2 Z

kn—

Irrep & ... & lrrep




Total Derivatives

N\ /
N
— — // < ~
@ ® ® MR X /' { ®
W—’ N 7 1 ll ! \q(,)’—/
n ;{ A s o \ '
k - -
- Schouten identity ‘7—’
n
o N—
)
o\ Q0 ~
= 1 : + ... §:6 "€ qiay
N Y s
=S total derivatives (integration by part)
n the sum over 7 means a total derivative

[Such Young diagram also obtained from conformal K harmonics]
[ Henning, Melia, 2019]

Differently we obtain Young diagram using epsilon tensor transformation
No need conformal symmetry!

Jiang-Hao Yu @



Independent Lorentz Structure

To obtain independent operator, we |

Filling rules on semi-standard Young tableau (SSYT)
with given class

{1,...,1,2,...,2,...}

~

#2

2, ..

~

#1

W, (e.po” Lyi) D*D, HI
i HA I

(n=1,n=23)

4i = 7 — 2h,

nvent a new Young diagram filling procedure!

n
e N—

o
Yvna = <
N.,nn -
-z

n

Fock’s condition removes redundancy
Basis {

YT method guarantees independence!

Filling all SSYT guarantees completeness!

H1 =3, #2 = #3 =2, #4 = 1.

New filling: any operator could be converted to this basis

1112

€oy g Copag Cagany €
2(3(3/4
1113

€Cayag€ogaz€azay €
212|134

Jiang-Hao Yu

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

(x3 0y

afd, 0y f ’ Cx
F L 1* q); (D 'l;,,?:;) o Bd ( D ¥ ),},

dgda Py (Dv3) 5 6 (Dga), *  (12) (13) (34) [34]

73,



Dim-8 Young Diagrams

ok 0 9 1 6 8

N + h.
0
2 —
6 - SE -
s | HEEE I —I- -

Different filling corresponds different operator! |- F*yyD, ¢ D?,
— F,¢,2¢D2’ F2¢2D2

Jiang-Hao Yu



Different Operator with Same YD

(n=1,n=23)

WeeLHT D? #1 =3, #2 = #3 =2 #4 = 1.
1111112 111113
213|314 2121314

601 X3 € | (X3 € 20x 4 € € o | €x2 601 3 € 30x 4 €

af ¥ [ - cx af N . , :
Fle'lf",; (D'Q_)l-‘)a Bé (D(p4 )’}' FL{ U924 (Dw:;)ﬂ '7(..' (D(P4),} x

BW HHT D?2 H1 =3 #2=3 #3=1,#4=1

1111113 11111712

212124 212134
Ed3d460410¢2604104260304 6d3d460102€a1a3€a2a4
BL*"Weag (DHT)7 « (DH), “ B W) (DHT)ﬁa (DH),, °

Jiang-Hao Yu



-1

Traditional vs Young Tensor

=1,n = 3) Traditional method

WecLH' D? #1l =3, #2=#3=2,#4=1. BW HH'D?
[ Hays, Martin, Sanz, Setford, 2018]

(D*HY)YHBL,, W}, (D*D,HYHBL,,W}*, (D,D*H )HBL,,W[’. (D.H")(D"H)Br.,,W}"*,
]. ]. ]. 2 ]. ]. ]. 3 (D HY)(D"H)Bru,W", (D*H") (D H)Bru,Wi", (D H" ) H(D"Br,,)W[”. (D,H")H(D"Br,,)W(",
(DYH')H(DyBru,)W(?, (DuH")HBLy,(D*W ) (DuH Y HBL,,(D*W{*), (D"H')HBL,,(D, W),

2 3 3 4 2 2 3 4 HY(D2H)B,, Wi, H'(D*D,H)Bp,,W", H (DD O LW WiP Y (DM H)(DyBru,)W,”,
HY(DYH)(D,Br,, )W, H (D, H)(D"Br.,,)W "PS VBLup(D W), HY(DYH)Br,, (D, W),

L. HY(D,H)Bp,,(D"W}*), H H(D?By,.)W}"”, HVH(D"D,By,.,)W,”, H H(D,D"By,,)W};",

3 ey t u yup t v e t Ve t 21471
6(11 oo 601 a3 €a 304 € HYH(D*By,,)(D,W;?), H'H(D”By,,)(D,WE*), H'H(D, By,,)(D"W}*), HYHBy,,(D*W}"),

H'HBy,,(D"D,W,?), H'HBy,,(D,D"W"). (14)

EOM

(x3 (g
€y €y Capay €

FEIWY (D¥s)aps (Déa), *  Fi{ ¥aa (DYs) 5 (Déa), ©

(DH)ai(DH) 33B1,(,5) Wi eny €7 P rée
[/[/ (DHf)’""(DH)BBBL{vé}WL{in} %fdﬁfag(fa%ﬁ" + ePream)

af Bl or

B HHT D2 #1 = 3, #2 — 3, #3 = 1, #4 =1 (DHf)ac'xH(DBL){ﬂ‘Yi}’ﬁ.I’VL{EU}f éf e e
(DH")ae H Bigeny( ){375}73 eBeaBerEedn
H' (DH)aa (DBL) (yofy sWrien) 0B (0B A€ 1
HY (DH)as Buin)(DWL) (5,5 5 PP
HTH (DBL){QB"V}.(')(D‘/VL){57]6}”«.} Ed"éfagfﬁ’lf’ﬁs

21224 2121314

IBP

1o 6(11(12 6030{4 a1a2€a1a3€a2a4

€azay € €azing €

BL*Wias (DHT) 4 (DH). ¢ B, OB, 7 (DHT)M (DH), BLWias (
BL(\J“'LQ‘) (

"W (DH)_

o (DH).

Young tensor method (No need EoM&IBP)

Jiang-Hao Yu @



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, Rosiek, 2010]

(LL)(LL) (RR)(RR) (LL)(RR)
Qu (Ll ) (Ly*) Qee (epvuer)(Eter) Qe (Ll ) (e er)
§i (@Y ) (@57 qe) Quu () (s y ) Quu (Lpyule) (v uy)
@ | @ e) @ ') | Qu | (dyd)dotd) | Qu | (vl (doytdy)
Q | U))@)) || Qe | @ee) @y u) || Que | (@) @ er)
QW | Ll @ ' a) || Qea | (@vuer)(diydy) W | (@) (@)
Q' (Y ) (dydy) QW | (G T q,) (v Ty
Q) | (@ T ) (dyrTAd) | QY | (@vuar) (diydy)
Qul | (@1 TAq)(dyTdy)
(LR)(RL) and (LR)(LR) B-violating
Qledq (l_{;e,‘)((_,sq{') Qauq C{W’C [((IQ)TC“ ] [((I.Zj)TClﬂ
QEI:A)([{I (@ur)ejn(qidy) Qgqu eMejy [(¢5)TCqP*] [(u)"Cey
QW 1 (@T 4w )ejn(@ETAdL) || Qug e jnerm [(427)7Cql*] (g7 Cly]

: (7.5‘“1) Qduu 5“’37 [((I;})TCU;/’] [(*U,Z)TCet]

1 =
Qfe(;u (I]J)P7 (
Ejk (G5 uy)

(3) 7i
Qlequ (lpo-uu €r)E

Buchmuller&Wyler wrote 29: 5 redundant operators (Fierz) + 1 missing
(Zp’}/;,z l )(l T "}/“ ) Ql’f‘” va st

| R

Fierz identity for SU(N): | 2_(Ta)ii(Ta)s = diudk; = 5700

Jiang-Hao Yu Q




Gauge Structure

How to obtain independent and complete gauge structure systematically?

g-2 dim 8 operator

WeeLHT D?

( ) ” ! ((-)‘.;jpD“'Lri) Duf11J

jLv

( ) ” pA ( f'1'7’()”/)‘L'l‘i) D”Duflt‘j

WeeLHH

(7 ) W (e.po™ Lyy) HY (H'H)

L

?

We invent Littlewood-Richardson method at Young tableau level

LWl i T4, Le: [k, Hi: [1], HELHE: [m]n

cltemekn  WIL H™ (H'TH)

itk _jm In Ik 11 17 f
el ™Me (7 )j W L H" (H'"H)

k ) l gl kMInN |7 |k
ilil==ilj|k S 5
[ [ |lm|n
- Lk AN [ aljlt|min] i1
LR, k k E|lm|n
Find the 4-th g-2 dim 8 operator: Wi, (e

Jiang-Hao Yu

p(T’“/L”) Hi‘z (H'I' IH)
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Operator Y-Basis

Direct product of Lorentz and gauge structures gives operator Y-basis

WerLH' D?
( i 1; 1; j | i é ls i )>< ;Z % — | (+)); Wi, (ecpD"Lys) D" H'I
Wee LHH
111 AN MEANVAL: — (+)\*W! (e..om L )VHY (H'H
213 X Elmin| "1 imln — () W (ecpo™Lrs) H? (H7H)

Each type of operator forms

a linear operator space

Complete sets of dim-8 operators forms |

a block-diagonal linear space |

Jiang-Hao

_I_

—+ W], (ecpo™ Lyi) HY (HI7TH)

(Tl )'I !ﬂiv""lf \ ((:[. ,,a”’\L,,..i) DD, H'

Each block represents one type of operator

*E BN

sesenw s VLQL

WecLH' D?
L

* %

LR I O
LR R
LR R 3 3R I
LR 2 O R B

#EEE SRR
R EREEERES
R EE RS
#EEEEEES

G4

Q%LELHTD

no meaning for x and y axis
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Operators with Repeated Field

The Y-basis needs to be reorganized if repeated field in type

GLdgelD

1i{1(1(2 (1112 |1{1|1|3] |1{1]1]|3 e1|es|ar ey |es | by
( 2[313[4], [2]3]4]4] [2]2]3]4] [2]2]2]4] )><( esltr]cr| — les|asler ) —
4 3 4 3 az | by |ca as| by |co

= (MPAMGP+HMP+MP) x (Teys, + Tdvse) = 8 operators

Re-organize by symmetric group on repeated field dc

Lorentz  SU(3)¢ Flavor
® = 1 x
© =1x D1 x D1 x
® = 1 x

Jiang-Hao Yu



Flavor Bland P-Basis

Linear transformation between Y-basis and P-basis:

OP — ]pr.(gy
(p)
| (0([2.1].1).1 ( 0 o0 40
(p) _ |
N O((2.1]2).1 40 -4 0 -
(p) _ _ | |
| O((2.1].1).2 -4 _4 _8 4 1
|| (p) p 2 ; y
Ozl -5 5 3§ 3§ -~
(p) - 8 4 2 PR
| 0([2.1].1).3 -3 3 x =2 8
(p) 4 8 4 8 B
O([2.l].2).3 3 3 3 3
([ T] OP) 2 4 4 2
([3],1),1 3‘ 3 3 ::
(p) 4 4
ﬁ \0([13].1).1} \ 3 0 0 3

D00

Wl L3N ol

(MPTE 5
MPTE .,
METE |
Mglr‘l;lllI:SQ
MEPTE, |
MEPTE
M.':"Ts"'l'::s. 1

\MEPTE 5

.

Compared to dim-8 paper, dim-9 paper tackled flavor structure of operators

Jiang-Hao Yu

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

Lorentz SU(N) Irep

Dim —maancs Classes > SSYT
Model — 5, [
Types 1
% Gauge Lorentz
y-basis y-basis
________________________ 3= _._._._._.-.“._._._._._._._._.I._._._._._._._.
Repeated Symmetrization
Fields ﬁ’l b’ l
Gauge p-basis Lorentz p-basis
\ v
Inner Product Decomposition
v
Flavor p-basis
v
Desymmetrization
v
Flavor p'-basis (Term)

Jiang-Hao Yu



SMEFT

Dimension-5 Dimension- Dimension-7

” o o - 1: 42X H? 4 h.c. 2:p*H* + h.e.
q anl DD~ 4= -
Go-@ar On= SO 00 = GG Qewir | ey Ciom WL, Qe | oty CHYH" B 1)
Lz C Lm H .7 Hn Oy = (@' DD D) Oup = (DN O, u,0) 0z = -GGV Gy Qrpy2 ‘ emn€k (15 Cio™ ) H" H* By,
€ 1] Gmn Oup = (@' DB @' D, D) Oup = (P DHD; M) O = - WTW W, 3(B) : v*H + h.c. 3(B) : ¢*H + h.c.
O = - oW W -
o e " : ! Qper | €jebmn (@i ) {IECT ) H™ Quuazn €adq (lpd? Wul Cdl ) H
X0~ - (LLYLL) (RR)(RR) (LLNRR)
— — — — — — 3 v k m _jo v )Y k
Oue = (@ DYGAGW 0 OumUenlibary T i) O = Ly Kot Quevart | einldpl)(usCe)H _Quaan | camen(idr)ad, Ca )"
Oy = @, 000 g X y) On=tL Qi | el M GECHNH  Quan | easy (L2 )@ Od) T

. 0y = (@' D)GLGH™ Ouc . . _
[ \A/ elnber 1979] . ) w = Q2N Q0 T Q1) deyd)doy'di) O = (Liy Ldsy"dy)
9 Ogw = (DT D)W Wi Ow

Qiivigr | Cimrald N GECIVH"  Quurss | €opyesn(Epgi® ) diCd] VT

i Ol = (v M@y Q) Oy = Tyl My uy) Op = (@, @)yl ‘
Oy = (O DYWL, W O 0f) = L@ La @000 O = (07, @)y u) Quequir | €5 (@ we) (Lo Cl ) HF
Oqp = (fl"(b)‘jw'm' Ogw ™ ’-‘:Y":_)‘(hf'(,” 2 OI:;'I‘ = (03 50,) (5 u) 4:¢*H3D + h.c. 5(B) : ¢*D + h.c.
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[Buchmuller, Wyler, 1986] [Grzadkowsk1 Iskrzynski, Misiak, Rosiek, 2010] [Lehman, 2014]

Dimension-§ Dimension-
[ Li, Ren, Shu, Xiao, Yu, Zheng, 2020] [ Li, Ren, Xiao, Yu, Zheng, 2020]
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Low Energy EFT

Dimension-5 Imension-6 imension-7
Dim-6 operators Dim-7 operators
Dim-5 operators (n,n) Classes Niype Nierm N (n,n) Classes Mype Nicrm
oy e R 3 (30| F+he 2+0+0+0 2 4 (3,0) | FR2+he 16+0+4+0 | 32
(
(

3 (2.0) Fun? + hee. 10404240
2.0) Yt + h.c. 14+12+8+2 78

—~
I

2,1) |  Ffvg + hec. 16 +0+4+0 24

1,1) p2ep2 40+20+12+0 84

Total 5 56 +32+20+2 164

6 82+ 32+ 30+

[Jenkins, Manohar, Stoffer, 2017] [Liao, Ma, Wang, 2020]

Dimension-& | Dimension-9
[ L, Ren, Xiao, Yu, Zheng, 2020] [ Li, Ren, Xiao, Yu, Zheng, 2020]
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Landscape of Generic EFTs

Any EFT with Lorentz inv. and any gauge symmetries, SU(5), LRSM, etc

LHC probing scale

Standard Model EFT Dark matter EET

Sterile neutrino EFT

Low energy EFT Gravity EFT

Li, Shu, Xiao, JHYu, arXiv: 2012.11615
Li, Ren, Xiao, JHYu, Zheng, in preparation

Jiang-Hao Yu



Symmetry Nonlinearly!



EFT Framework

Energy
L = L& avity + £qop + Lqep + LEW +Lhcavy
UV models S ~- g
many models ..... —
...... LN S0 . e
Comerr = Lo+ L0 + g ..
Standard Model EFT swerr = Lo+ 7 -0 + 750
...... VATt ) =
5) (6)
Low energy EFT uerr — Lompiocnt ACIEW o+ G o0y ...
W
........ AN Ye) s Y K
Chiral Lagrangian + Baryon EFT |[£x=Lx(s,p, ;) + Lan (8,9, s 7u) +-
MeV scale

Non-relativistic EFT

Jiang-Hao Yu



Pseudo-Goldstone Boson

Chiral Lagrangian description

G H B(z) = exp (iw@(az)T&) (®)

~~

Jiang-Hao Yu



Chiral Lagrangian

Define Goldstone boson matrix, which transform nonlinearly under G

U(IT) = ™™ — gU(I) b (1), 9))

[Xa,’ Xb] —j ab, 'x° + ,I:fabiTi

Symmetric coset

CCWZ construction > = U(IT)? = exp(2ill(z))

L Transform linearly under G
—iU'D, U =d3T* + EST* =d, + E,, .

> gX_JR(g)T

Building block Building block

d,(I1), E,,(II) V,=D,X)Z!' T=%Q,x!

F,, XF,.%

fquUTFuuU:f_i_Ta"‘f_Td

g

Jiang-Hao Yu



Chiral Lagrangian

QCD chiral Lagrangian SU(2) x SU(2)/ SU(2)
Electroweak chiral Lagrangian SU(2) x SU(2)/ SU(2)

Higgs EFT: singlet Higgs + SO(4)/SO(3)

Pseudo-Goldstone Higgs chiral Lagrangian G/H

Jiang-Hao Yu




Composite Higgs Models

g H C Ng ry = rsu(2)xsu(2) (rsu)xu())
o] G SOt D B T A pargy " Composite Higgs
:' SO(G) SO(5) v O 5= (1’ 1) + (2’ 2) 'iA ashe, Contino, Pomarol 2004]
S'U(I;f')?'U(I)"'SU(Qj'>'<'U(1) ........ SRRRERLEEECECEREEE 211/24-10 ......... gashe, :
SU(4) Sp(4) s 5 5= (1,1) + (2, 2) Minimal Neutral Naturalness
S0 Ll S0M0) 6 822 (M) (2.2 [, Yo, Zho, 2018]
© SO(8) SO(7) v T 7=3-(1,1) + (2,2) s Twin Hi
:SU(4) x U(1) SU(3) x U(1) 7 8. 1/3+3,13+1l0=3 lo+241/p + INTIEES
gy FOY sreeespennianl gy Chacko, Goh. Hamik 20061
SO(9) SO(8) v 8 8=2-(2,2)
SU(4)  [SU2)?2x U(1) v* 8 (2,2)12 =2 (2,2)
[SU(3)]? SU(3) 8 8 =10 +2+1/2 + 30
Sp(6) Sp(4) x SU(2) v 8 (4,2) =2-(2,2)
SU(5) SU(4) x U(1) v* 8 4 5+ 4,5 =2-(2,2)
[SO(5)]? SO(5) v* 10 10 =(1,3)+(3,1) + (2,2)
SO(7) SO(5) x U(1) v* 10 100 = (3,1) +(1,3) + (2,2)
S~ 10149 IR [SU)..... 4. ed2 (2,2,3)7=3:(2.2)........... .
. SU(5) SO(5) v 14 14 =(3,3)+(2,2)+ (1,1) - Little Higgs
Tt 7 TR OB T A O Y L A AT (ArkanthamedeLal. 2000
[SO(6)]? SO(6) V¥ 15 15 1) +2-(2,2)+(3,1) + (1,3)

= ( 2
SO(9) SO(5) x SO(4) v* 20 (5,4) =(2,2)+ (1 +3,1+ 3)
[Csaki, et. al, 2015]

Jiang-Hao Yu @




More Special EFTs

_[g4] //
TRIVIAL /)
8“ Ql //
P(Dds) 7
6 S
Galileon -~ Special Galileon
4+ 0 &
P(d¢) -~ DBI
2t /&
7~ NLSM
FAIL
& o

ot 1 2 3 o

[Cheung, Kampf, Novotny, Shen, and Trnka 2014 & 2016]



More Special EFTs

—|&a]

TRIVIAL / K

Elvang, Hadjiantonis, Jones, Paranjape (2018)



Summary & Outlook
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Summary

Take home message 1: From operator counting to operator writing systematically

: _ _ ITP-CAS , 2020
Only counting up to 4 fields in operator Any operLtor grotip I

(currently) to any mass dimension

Take home message 2: Unified construction of Lorentz&gauge by Young tableau

For any generic EFT with Lorentz and any gauge symmetry



Thanks!

Appreciate all materials from web, prepared for this school
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Different Filling for Young Diagram

SSYT for class |

[ Henning, Melia, 2019]

SSYT for class ||

Further selection

= # Operator Lorentz structure
— SSYT for helicity = 3/2

(cannot deal repeated field)

SSYT for helicity = 2

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

One-to-one correspondence
No need selection

- SSYT for unique class #
- and helicity

Operator Lorentz structure
(can deal repeated field)

Jiang-Hao Yu



Young Tensor with Repeated Field

WL,Q3L n=3n=0. #1=2 H#2=H#3=H#4=#5=1

1(1]2 1/1]3 1/1]4
31415 21415 2135
ealag €a1a4 6(12&5 Ealag eal g 6(!3(15 eal (0D 6(11 a3 60(40(5

e Q®B) ©[J= T+ w2 + [T 0 x 2+ T4 [+ 1
- T
Te O®R 1) &[J=F T+ x 2+ I+ x 2+ x 3+ +H +F
| 0 O
e QO o[J= —+ T+ x2+

3 1
Mgl,ll = 3 (Mq + Mgy + M3)

(My —2My + Ms) }

T

W =

1
MEN = { 5 (M1 + My —2Ms)

Jiang-Hao Yu



