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New Physics w/o New Particle

LHC probing scale

SMEFT provides systematical parametrization of

... all possible new physics!
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Higher Dim Operators?

Evidences of new physics: neutrino masses and baryon asymmetry

B and L violation
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No. of independent ops

Hilbert Series Counting
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Higher Dim Operators!?

Given numbers of independent operators

does not mean we know explicit form of operators!

Derivatives Repeated fields

BWHHT D2 QQAQL

2 57

(D*H"YHBy,,W}", (D" D,H"YHBy,,W}”, (D,D*HYHBL,,W;", (D, H")(D"H)Br,,W;", b ik il
aoc 1

(D H)(D"H)Bry, W, (D H)(DyH)Bru,Wi?, (D, H)H(D By, WeP, (D, H')H (D" Bry,)W, €€ e (LpiQraj) (Qsvk Qtet)
(D”HT)H(D,LBL,,,))Wfp, (DHHT)HBL,,,)(D”WL""), (DMHT)HBLVp(Dwap)y (D”HT)HBL,,,)(D”W£”’),
HY(D*H)Bp, W}, H'(D"Dy,H)By.,W;", B [DNH)BL,,W[*, H (D"H)(D,BL,,) W[, qqu’ rst ng thl

v 1, v \f» ) L v v p— f—
HY(D* H)(D,Bron) WL, H' (D, H)(D* B WA ¥ AD* H) B, (D,WE), H(D"H)Bryy(D, VL), Qprst =t 3 2 p,r,8,t=1,2,3
HY(D,H)Br,,(D*W), H'H(D*Bp,,, )W, H'H(D"D,By,,)W}*, H'H(D,D"Br,,)W;", Q’”‘”Qtd
HfH(DHVBLl/p)(DHWZp)ﬂ HJ[H(DDBLW))(DMW;,W)V HfH(DuBLI/p)(DVWfp)a HTHBLHV(D2W£V)7 fabcezjfkl( szraj)(stthcl)
H'HBp,,(D"D,W[?), H'HBy,,(D,D"W}"). (14)

Which 2 should be picked up? 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

O'puf’, 7- (,OM/ (l—Po-mjer)(fOB;u/

NN

Lorentz invariance: Lorentz indices contracted in pair

(%,0) 8 (%,0) ® (0,0) ® [(1,0) & (0,1)] = (0,0) & (1,0) @ (2,0) & (1,1) ® (1,0) & (0,1)

Redundancies: equation of motion, integration by part, covariant derivative commutator
— f " 1 N , —
XM apy, Dy et D, Dy (D"p) D,y
ol,oc"" D, D,e, (l_pDue,n)D“cp
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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]
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Operator as Spinor Tensor

Consider dim-8 g-2 operator with derivatives

4

()
DAY

-
<
D“DVW[I,U (C:])Lr) HT’ D/L‘/V;u/ (DUC:])LT) HT: DILI/V/AV (C:])DVLT) HT, DHWI“/ (c:}JLT‘) DVHT’
W, (D*DYe_,L,) H, W,, (D¢, D L,) Ht, W,,, (D*e_,L,) D'Ht, W, (e.,D*D"L,) H,

7 I_LI/ I 1 Wa’ys tO a’dd D2 Wl“’ (GCPDHLT) DVHT, W/w (e:l)Lr) D”DUH]: D* D,,‘/V”,\ ((?:,)O'V)‘Lr) Hf, D,,D“W,,,\ (C:],O'V)‘L,.) Hf,
(lpO' er)T SOVV,W DFW,s (Dyepo” L) HY, D, W,y (D*e 0" L,) HY, D*W, (.o D, L,) HY, D,W, (e.po”*D*L,) HT,

DFW (C:;)UVAL,.) D,HT, D, W, (C:Pgu/\L,.) DrHT, Wi (D“DVCC;JUV'\LT) HT, W (DuD“C:pU"’\L,-) H,
Wi (D“C:])O’V/\D,,Lr) HT, Woa (Du(Z:pUU/\D“L,.) HT, W (D/‘e:pa")‘Lr) D, HT, W (DuC:;)O'V’\L,.) DrHT,
Wi (ecpo” DDy Ly) HY, W (ecpo”* Dy D" Ly) H', Wyin (ecp0” D" Ly) Dy H', Wy (ecpo Dy Ly) D*H,

Wir (€cpo™* Ly) DHDy HY, Wyix (ecpo* Ly) Dy DHHY, {W — W} (¢

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

———

:,Hz- € (0,0) Yo €(1/2,0) Fras = %F L €(1/2,1/2

Operator with explicit spinor indices
EC!1(.¥3 EC!1(.¥3 ECtz(_t,; EC.tS(:L; Fftl ‘L‘étz (DL"3)(t3 (DC)‘l)(t-1

3 g

F1""¢g (D¥3) 454 (Do4)., @

How to obtain independent operator with derivatives systematically?
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Equation of Motion (EOM)

For fields with derivatives, symmetric and antisymmetric indices:

1 1
(DY)apa = _§€a6($¢)a + §(D¢)(a6)d (% %) ® (%,0) = (o, %) @ (1, %)
11 1
<§,§> X (5,()) (0!1/2) (1!1/2)
(D*9)apap = %60366131)#1)#@ - 3€d,30g;[D/1* D¢ — ifadﬁﬁg[l)w D¢+ 3(92@(«13)(&3)
(33)<(33)  (©00) (1,0) (0,1) (1,1)

Only take the symmetric indices part for field with derivatives

. , w o, wy :
DYV e (.}1 + 5,.7,, + 5) F{'M

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; &
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Transformation under SL(2,C) x SU(N)
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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!
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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
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F L 1* q); (D 'l;,,?:;) o Bd ( D ¥ ),},
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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

(ﬁ — .].,71 - !;)

WersLH' D? #1 =3, #2 = #3 =2 #4 = 1.
1111112 111113
2133 4 212134

€y g €y s €ax 20x 4 € €y 3 €z Cagay €

af ¥ / - cx af N . , :
Fle,q,rz‘ (D'l""""‘)u 8é (D¢4 )’}' FL{ U924 (Dl""":‘)ﬂ Yy & (D(P4 )’}' x

BW HHT'TD?2 H1=3,#2 =3 #3=1#4=1

1111113 1]1]1]2
€d3d4€a1026a1a26a304 €d3d4604104260410436042044

« Y & .
Br, 5WLa5 (DHT) d(l)]‘]),y , BLO&BWLQW (DHT)[M (DH),YO‘
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(i =

Traditional vs Young Tensor

L,n = 3)

WeeLHT D?
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€asaa €
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Young tensor method (No need EoM&IBP)

Q12 (102 (304

H#1 =3, #2 = #3 =2, #4 = 1.
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Traditional method
BW HHT D2

[ Hays, Martin, Sanz, Setford, 2018]

(D*H"YHBy,,, W, (D"D,H)YHB,,W;°, (D,D"H)YHBL,,W;°, (D, H)(D"H)BL,,W}*,

(D HT)( VH)BLV/JWW (D¥ HT)(D H)BL prp, (D,LHT)H(D”BL,,,,)WLVF, (DuHT)H(DVBLup)Wfpv
(DYH")H(DuBru, )W, (DuH")HBLy,(D*Wi ) (D H )V H B, (D"W*), (D"H')HBL.,,(D,W"),
HY(D*H) By, Wi, H'(D*DyH)Bru,Wi*, H(DRR 00, W[’ H'(D"*H)(DyBLu,)W;”,
HT(D”H)(D#BL,,F,)WL“’, HT(DMH)(DVBLVP)WLWJ )BLup(DuWLVp)7 HT(D"H)BLW,(D#W?)),
HY(D,H)By,,(D*Wt?), H H(D?Bp,, )W, H'H(D"D,By,,)W;", H H(D,D"BL,,)W}*,
H'H(D"B,,)(D.W;"), H'H(D"Br,,)(D,W[’), H'H(D,Br,,)(D*W[’), H'HBL,,(D*W["),
H'HBy,,(D"D,W}*), H' HBL,,(D,D'W;"). (14)

EOM

(DHT)ad(DH)ﬂBBL{fyé}WL{gn} €GB B VE O
(DHaa(DH) 3 Briysy Wieny 36 e (€27 4 eP1e)
(DHN oo H (DBL) gy gWLieny 6B B A€ O
(DHT) 4 HBL{&]}(D'W' ){Bvé},B € B AE O
H (DH) a4 (DBL){,B'y&},[j’WL{gn} OB caB V€ (On
HY (DH)ai Bieny(DWL) 5,5 5 0P
H'H (DBL){QBV}Q(DWL){@(;},B QB cal B S

IBP

BLWipas (1 " & (DH).

BL()J“'LQ“; ( o (DH)_\ O

18,



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
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Gauge Structure

How to obtain independent and complete gauge structure systematically?

g-2 dim 8 operator

WeeLHT D?

( ) W, ((')":?I)D”Lri)D"HTJ'

jLv

( ) H pA ( f'1'7’()’”)‘L'l‘i) D”Dul’lt‘j

WeeLHH

(7 ) W (e.po™ Lyy) HY (H'H)

L

?

We invent Littlewood-Richardson method at Young tableau level

T 23”1 i ||, Lt [k, Hit |1 ,HLHJ;I min

eledmehn Iv-‘i""'ILkHTk (fITTfI)

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

k l vl g kM| le|g |k
ilil==1iljl|k 5 5
[ [ lm|n
— Lk KRR [ il gL min] |1
= LJ k k kEim|n
Find the 4-th g-2 dim 8 operator: Wi, (e

Jiang-Hao Yu

pO"wL”) 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 )>< 12 ? — | (+)); 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'

L R
* *®
LA
* ®
* *®
* 8

LR IR R R R

L3R IR 2 3R N
LR O

WLQL

WecLH' D?
L

* %

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

R EEEEES
R EEEEES
R EEEREES
R EEEEES

G4

24 LHTD
Q%ug

no meaning for x and y axis

21,



Operators with Repeated Field

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

30T

GLCZCGCD
1[1]1]2] [1]x]1]2] [1]2]1]3] [1]1]1]3 1| es| by

( 2[13[3[4], [2]3]4]4], [2]2]3]4], [2]2]2]4], )><( esbner| —F leslarlan ) —
4 3 4 3 az|ba|co az | ba | ca

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

Re-organize by symmetric group on repeated field dc

Lorentz  SU(3)¢c Flavor
® = 1 x :
O, =1x P 1 x e1x| |
® = 1 x

Refer to Hao-Lin Li’s talk for details

Jiang-Hao Yu



Flavor Bland P-Basis

Linear transformation between Y-basis and P-basis:

Oop = KP.0”

- O(["g’ll 1),1 (0 5 0 5 0 5 0 0\ [MPITH;,)

- 0 [2 1),2),1 -3 0 -3 0 -3 0 0 0 MT'TS03,0
| O -3 —95 —9 9§ 9 —9 —g5 —g||MET;,

B 0(([')2) 1],2),2 | _ —% % % % —% 9 _sl) % Mgln;ll'::;.z
H 0([2 1],1),3 _g ‘: % _"1 §; _% l_sb _g METE3,1
O(([pz) 1],2),3 ': _:% _% % _': §s _:% % METS3,2

L O(';] 1),1 2{ _% % _§ _% _:gi gi __: MI'T, l'ufii.l
1 ot \too 0 ooy e,

Compared to dim-8 paper, dim-9 paper tackled flavor structure of operators
[ Li, Ren, Xiao, Yu, Zheng, 2020]

Refer to Hao-Lin Li’s talk for details
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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)
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SMEFT

Dimension- Dimension-7

2 :¢?H* + h.c.

Dimension-5

1: 1{12XH2 + h.c.

® and @*D? s X3 - -
00 = @0y O = (@ O)T ;D) O = —[GMGI G Qewne | emn(T Iy Cia ) HH WS, Quan | emnes (1 CU)H" H (HTH)
6 )7 6 j—J?’ C I /m l i ‘7 I i n Oop = (@' D)@' D) Oun = (@' 0)(Q; u;0%) Og = _fABCEﬁvcg/’Gg“ Qizpm2 fmnfyk(l;nCiUWli)HnHkB/w
= (ot (D — (ot ) — _ gabe yyavysbe ek
t)-mn oo = (WO @DD)  Ouo = (IO 10) O =~ WTW W, 3(B) : ¥*H + h.c. 3(B) : ¥*H + h.c.
OW = _eabe WﬁVWpr;," N - B
. €jk€mn(Epl1)(LZCH)H™ » €apy(lpd)(ulCd) ) H
X202 VX (L)L) RR)RR) (LL)(RR) Quent | <t f o) (15Ol )k Quazn 5 (7;/ ) t)v y
Ou = (@TD)GAGH 0 0= kLol 0= Uiy ty 0= Aop L )r'ty Quewtrr | snldpll)(usCe) " Qupan | capyesn(5d7) @ Cat )Y
[Weinb 1979] O = @OGHGH 0 O™ OMON0rO) O~ o) O o Qftpanr | e BI@CIH  Quon | e (LA (ECH)H
’ Y T 0Gp = QT2 00 Q) O = (dy,dy)\diy*dr) O = Ly, L)y dy) o _
€1nouer — @By oo @ (oL R
g ’ Oow = (VDWW OW o) = L)) Ou = oyl Ny 001 = @, 201 Quegan | mein(BING O Quur | Capyen (et CADH
Opiy = (@T@)Wﬂvwﬂw Ouw 0(112) = Loy L) Oyt Q1) Ou = (il Ndiy"dy) 033« = (0, @)y ) Qrquu fjk(lj;,nur)(lmnch} )Hk
Ous = <<l>*<l>)fwB”” Oaw OE“;": = (ijm.u(ixdw‘:d:) ) 0(21‘% = (gn%Qj_) (e &) 429 HPD + hc. 5(B) : 94D + he.
Oy = (@' ®)B, B o O = () (o d) - Oy = (@ Qi)diy*dy —— h -
Ogwp = ~(OT D)W, B Oup — —— — Og‘”, = (QfVAAATQJ)(‘i"VMTdI) Quersp | emn€jk(l'Cy e ) H" HIiD, H Qruip | €k(dpy ur)(IZCID L)
Ouivn = 7((1)7%@)‘7‘%3’” Ou (LR)(RL) ﬂrid (LR_)(LR) B-violating 6 : ¢2H2D? + h.c. 5(B) :iD + hec.
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Dimension-9
[ Li, Ren, Xiao, Yu, Zheng, 2020]

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

Dimension-5 Dimension-6 Dimension-7
Dim-6 operators Dim-7 operators

) Classes Niype Nierm N (n,n) Classes Niype Nierm
) I+ he. 2+0+0+0 2 4 (3,0) |  F22 +he. 16+0+4+40 32
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)

Dim-5 operators
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VivR D+20+12+0 | 8 U3UrD + hee. | 50 +32 422 +
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6 82+ 32+ 30+

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

Dimension-SL, o e Y Zhens 200 Dimension-9
[ Li, Ren, Xiao, Yu, Zheng, 2020] [ Li, Ren, Xiao, Yu, Zheng, 2020]

N (n,n) Subclasses Nigpe Nem Noperator Equations M h 20 20
4 (4,0 Ff +he 14 26 26 (4.19) [ urp y b ] N (n,n) Classes Nipe Neerm Noperator Equations
20t . 2 45
G| Fyy'Dthe | 22 2 2n; (151 4 (32 | D +he | 0444240 | 10 2n2(mn3 — 1) (5.50)(5.51)
)*D? + h.c. t4+nd(ony — 1 4.75,4.78,4.80
VI the el 1antny(Eng 1) (75,47 ) 262D +he. | 0+0+2+0 | 6 3ns(ng + 1) (5.21)
FLy26D? + hc. 16 32 32n% (4.44) T . S~
F26D 4 he. s 12 12 (@14) 5 (3.1) | FLY*Y'D+he | 0+410+6+0 | 72 32n} (5.59)(5.60)
@.2) 2R m 1 7 @19) YA$D? + h.c. 0+4+4+40 | 100 40n} (5.45-5.48)
'y LYR Lo
, h242 N2 2 _
FuFrit' D 97 35 35m? (1.50,4.51) F?6*D? +he | 0+0+4+0 | 34 170 —ny (5.28)(5.29)
Y22 D? 17+4 54+8 Ln3(75n3 + 11)+6n} (4.74,4.79-4.81) (2,2) | Fr®v'™D+he | 0+104+6+0 | 54 4n(6ng + 1) (5.59)(5.60)
Fry?¢D? + hec. 16 16 16n3 (4.44) 229D 04+4+440 84 n}(49n; + 1) (5.45-5.48)
FuFro®D? 5 6 6 (4.14) Fr?$?D? + hee. | 0+0+4+0 20 2ny(5ny — 1) (5.28)(5.29)
Yoie?D? 7 16 16n} (4.31,4.32) it P D3 0404240 6 6n§ (5.19)
44 4
¢#D ! 3 3 @8 6 (3,0) ¥+ hee. 2444640 | 116 | 4n2(415n% + 5303 + 5902 + 139, +6) | (5.63-5.70)
3 FLv* + he. 12+1 56+54 4204 +2n% 1 4.86,4.88,4.89,4.91
8GO Aviahe H0 | 00 A2 Ony +1) ( ) Fa* +he.  |0+124104+0 | 102 2%(21ny +1) (5.54-5.56)
FP?¢ + he. 32 60 60n} (4.47,4.48) 520
6 4h 6 6 P (@.16) Fiv ¢ + h.c. 0+0+8+0 20 2ny(5nf +2) (5.32)
T .C. 6 6 6 .16,
a2 1.3 3 _gn2 5.
2.1) | R+ he | 84424 | 172432 2n2(59n% — 2)+24n% (4.84-4.85), (4.88-4.92) @1 | T the  [4+26+20+4] 24 577 (3820 — 9nf + 207 +21) (5.63-5.69)
242 4
F26%0 + he. 32 136 36n2 (1.47,4.18) FLo*i?g + he |0424+2440 | 92 52nt (5.54-5.56)
VWD +hee. | 32414 | 180456 | n}(135n; — 1)+n%(29n; + 3) (4.66,4.69-4.72) FRyP2¢? 4+ he. | 0404840 | 12 2ny(3ns +2) (5.32)
FLyot¢?D + hee. 38 92 92n? (4.39,4.40) Y3 D +he |04+12+1840| 186 %7&}(1467@ +1) (5.39-5.42)
V2¢*D? + h.c. 6 36 36n3 (4.28) Fvte’D+he. | 0+0+8+0 12 12n3 (5.25)
FLg*D? + he. 4 6 6 (4.10) 2D the. | 040+4+0 | 24 2ny(6nf + 1) (5.17)
6 (2,0) Pie? + h.c. 1244 48+18 5(5n} +n})+2(8n} + n}) (4.55,4.59,4.62, 4.64) 7 (2,0 B+ hee. 0+6+6+0 39 %nf((l()n“} —1 (5.35-537)
2.3 X 5 Lo
Fvio+he |16 2 2ny (4.36) Rt +he. | 0+40+4+0 | 8 2n5(2n) — 1) (5.23)
F2¢* + hec. 8 10 10 (4.12) ErEa n
- (1,1) P2t 0+6+10+0 | 24 14t (5.35-5.37)
1,1) P2i2p? 23410 | 57+14 | n}(42nF +ny +2)+3n3(3ny — 1) | (4.54,4.55,4.59-4.63) s 5 (512
o — h e Yt D 04+04+2+0 2 2n? 5.12
Yt gD 7 13 13n% (4.24,4.25)
2 16 2 (1
#5D? 1 2 2 (4.8) 8 (1,0) V2% + h.c. 0+0+2+4+0 2 ny+ng (5.9)
7 (1,0) $2¢° + h.c. 6 6 6n} (4.21) 84204+ 348 +0 (ny=1)
S L4 Total 42 6+122+164+4 1262
8 (0,0 3 1 1 1 (4.8) Jlan HaO Sf u 2862 + 42234 + 44874 + 486 (ny = 3)
Total 48 471470 | 10704196 | 993(ny = 1), 44807(ns = 3) g




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



Landscape of Generic EFTs

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

What’s in the UV?

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



UV Origin of SMEFT

Analyze the possible UV resonances of effective operators by topologies

\/\/ _ / D202 W2 F2 202D, - ..

N, :, / 2 3 ,2 92 2 3
g u- AN L S U

________ <o o0 + loops

Jiang-Hao Yu



J-Basis Operator: Partial Wave

| y[] e’ikejleaﬁLgingHkHl |

Partial wave expansion on operator
W?2B) = —sJ(J+1)B/

LI, — HH channel

GetJBasisForType [Model, "H"? "L"?, ({1, 2}, {3, 4}}]
(| basis - {eikelekHl (Lp; Lrj) > eijelekHl (Lp; Lrs) }s
j-basis > { < (L1, Ly} > (@, {0, 0}, {2}},

<{Ly, L2} = {@, {0, @0}, {0}},

{Hs, Hg} —» {0, {0, 0}, {2}) >

(H3, Hg} > (@, {0, @}, (@)} 1> > {{0, -~ }}}

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

More complex topology done similarly

Jiang-Hao Yu

LH — LH channel

GetJBasisForType[Model, "H"? "L"?, ({1, 3}, (2, 4}}]
(’basis 5 eIy (L, Leg) s €M (L Leg) )y

. 1 . 1 .
j‘baSiS = <‘ {L1, H3} =4 E: {0, 0}, {2}, {La, Hg} — 1 E; {0, 01, {2}

1 . 1 . .
¢ 3 [ . N ‘on r N [ P 3 O - =
(| it tsy > (3, (0, 00, (03}, (Lo, Ha) = {3, (0, 03, (@) }[) > (-1, @)} |

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

Refer to Ming-Lei Xiao’s talk for details
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Operator RG Flow

RG running (anomalous dilatation) mix among classes of operators

LR R O
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* »
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LR 2R R R

LR R O R

LA R I R

LR AR R

8 ®ES -

1

no meaning for x and y axis

Operator space

RG running

-

Operator space

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

Jiang-Hao Yu

Refer to Ming-Lei Xiao’s talk for details
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Take home message 1

No. of independent ops

d

1000+

Hilbert series

Only counting

2795173575

Mass dimension

ke home message 2:

For an

Summary

From operator counting to operator writing systematically

7557 369962

Unified construction of Lorentz&gauge

On-shell EFT

Young tensor

up to 4 fields in operator

(currently)

spinar structures

(23] (29
3(1-2)3
(23] (29)(28]
301 - 2)3) & ((28]",(23)[23]".
(23] (23)(23)",(23)"23]".
(23]° 23)(28]".(28)"(23]", (23)"
9] (29) © ((13], (13)
301 -2)3) & (23, (23)) © ((13), (13))
(23], (28)) & ((13], (13))
], (29))  (13),(13)
23], (23

(23

(2% (13]%, (13)[13] (13)7)
8(1-2)3) & (237, (23) 23], (23)%) & (13}, (13)13] (13)")

], (13)7)

@3 & (13). (1)
(132, (18)13), (1))
28, (28)") & (18], (18))
. (23)423), 28)°) & (13], (13))

(2],
(112), (12,
(

5 3 % (1122, (12)[12], (12)%) & (29", (23)(23) o
338 a7 o7 (12 (2)128, (12)2(12], (12)°) © (23], (28)1237, (23)7(23], (28)") &

generic EFT with Lorentz and

Dim —varance > Classes

Any operator
to any mass dimension

SU(N) Irep SSYT

Desymmetrization
v
Flavor p'-basis (Term)

Young tableau

gauge symmetry



Thank you for listening!
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Notation in the talk

Yo € (1/2,0), ! €(0,1/2), H; € (0,0), H'" € (0,0),
Flag = %F,,,,af::,; € (L,0), Frap= —%F,“,a:::; € (0,1). Xﬁt/l? — %(X‘“’ = ,,;)'Zuu)
h =74, — 5
Fields | SU(2); x SU(2), h SU3)e SU(2)w U(1l)y | Flavor
G s (1,0) ~1 8 1 0 1
Wiz (1,0) ~1 1 3 0 1
BLag (1,0) ~1 1 1 0 1
Lqi (5.0) ~-1/2 1 2 -1/2 | ny
€ca (3.0) -1/2 1 1 1 ng
Qaai (5,0 ~1/2 3 2 1/6 ng
Uy (3:0) -1/2 3 1 -2/3 ny
de, (3.0) -1/2 3 1 1/3 ng
H, (0,0) 0 1 2 1/2 1
Hermitian conjugate (FLag)' = Frag
HY (and LT, Q") asa 2 0f SU(2)  ¢iH!H,. H} = eH) er = el up = ub, dp = d
H = eHt

Jiang-Hao Yu



Fierz and Schouten Ildentities

&) o
Q:<ﬂd> "

wiy® = (x*, €l

Fierz identity

8i 0k \ (1/4 1/4 1/4 -1/4 1/4\ ( 810k \
(V)5 (Ve )t 1 -1/2 0 -1/2 -1 ()it (V) ks
s(@)ijlow) | =1 3/2 0 -1/2 0 3/2 5(0")it (0 kg
(Y*5) a5 (VY5 ki -1 -1/2 0 -=1/2 1 (Y v5) it (Vu Y5 ) kj
()t ) \ 14 -4 14 14 14 )\ (el

g,wagdagﬁ- = 2€af€44)

Schouten identity e“P5Y + P15 4 1758 = 0.

~ K ~ K ~ Kk __
6(1557 + 6,8'7504 -+ 67a5ﬁ — 0

—_

(@1)(1d) = — (@) (@) ~ 3(drd) (Pad) — (A0 d) o) + 3 (' 5d) Pyt — 3 (o) ()
=~ S a)ind) g

(1Cq)1Ca) = — 1(W)(aa) + (D (@vua) +

(0g)

_ 1 - 1,-
(la"™1)(qouwq) + Z(lv“%l)(cﬁp%q) - Z(l%l)((i%q)
9

QO | =

=5 B D (@a)

Jiang-Hao Yu




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

WLQ3L n=37n=0 #1l=2H#2=H#3=H#4=#5=1

1112 11113 1/1/4
3145 21415 21319

103 X1 g O X 102 (X104 X3 X 102 X1 (X3 Qg X
613614625 12614635 12613645

€ €

(e @®B) 8= I T+ x 2+ x 2+ 1+ T
B T
[(Te A®R1) & []=H"+Hx2+ x24T X3+ +H +F
| . [T] ) H
[T ]e@O@n°) [ ]=C + e X2+
pe] 1
M3,1 — §(M1+M2+M3)
M2 1 M 1
3,2 — g( 1+M2_2M3)7§(M1_2M2+M3)

Jiang-Hao Yu




Gauge Structure Details

WeeLH' D? )
C (TI)ijWI: ilgl, Li: |k leT: I
AR EIRANERN; ket (r1) G WILLH o (TI); wlrL,H
e k Ak
WecLHH'™
(Tl)flejz1wl3 il Lk Hiof |, epmHTm, p b anHTn_ gl
il —k—> ik Ll Li|d |k Plli j|kjLa)]i]j k:’
l l Llplg
T k> i| gL KA, l Pllilj |14 NEAY I |
J 3 L . . )
siLANK AN IRER AR 2R AR AR AN
i > N y \ |
’ k k| k| kL1 g
il Jp kg _y sk ) N § Il\
e ePe — 6, (T )i |2 x O (rh) + 8% (1)),
-
ik _ip 1 l I\k l I\k l I\k
GZ Pl (Sn(T )m) k5n(7' )m -+ 5m(7' )n)
ctkealcpa 551(7.1)21 _ 5%(71)712

Jiang-Hao Yu




