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Operator Basis

Operator Type: Fixed field contents and the number of derivative W/, W; HH f D, Q3 L
H.-L.Li, Z.Ren, M.-L.Xiao, J.-H.Yu, Y.-H. Zheng, 2201.04639
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o > Y-basis: obtained with Young tablueax
—— method and amplitude operator
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Operator Basis

Operator Type: Fixed field contents and the number of derivative W/, W; HH f D, Q3 L
H.-L.Li, Z.Ren, M.-L.Xiao, J.-H.Yu, Y.-H. Zheng, 2201.04639

Mbashs - Y-basis: obtained with Young tablueax
T“WWI method and amplitude operator
correspondence.

> M-basis: independent monomial operators
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Operator Basis

Operator Type: Fixed field contents and the number of derivative W/, W; HH f D, Q3 L
H.-L.Li, Z.Ren, M.-L.Xiao, J.-H.Yu, Y.-H. Zheng, 2201.04639

M-basis > Y-basis: obtained with Young tablueax
—— method and amplitude operator
correspondence.
> M-basis: independent monomial operators

> P-basis: irrep of symmetric group of

repeated fields—also irrep of SU(n)
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Operator Basis

Operator Type: Fixed field contents and the number of derivative W/, W; HH f D, Q3 L
H.-L.Li, Z.Ren, M.-L.Xiao, J.-H.Yu, Y.-H. Zheng, 2201.04639

Mbashs - Y-basis: obtained with Young tablueax
nonomial method and amplitude operator
correspondence.

> M-basis: independent monomial operators
> P-basis: irrep of symmetric group of

/’ \ repeated fields—also irrep of SU(n f)
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T Pbasis | s [F-bsi F-basis: independnent flavor tensor spaces

— eliminate the improper and redundant
flavor tensors
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Operator Basis

Operator Type: Fixed field contents and the number of derivative W/, W; HH f D, Q3 L
H.-L.Li, Z.Ren, M.-L.Xiao, J.-H.Yu, Y.-H. Zheng, 2201.04639

> Y-basis: obtained with Young tablueax
TM”[M method and amplitude operator
l correspondence.

> M-basis: independent monomial operators
> P-basis: irrep of symmetric group of
/ \ repeated fields—also irrep of SU(n)

/ [)(‘Hllll\

W2 -V _hacic- 1
T Db (fal\iy P besis > 19 bgs1§. 1ndepepdnent flavor tensor spaces
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flavor tensors

M-basis
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Operator Basis

Operator Type: Fixed field contents and the number of derivative W/, W; HH f D, Q3 L
H.-L.Li, Z.Ren, M.-L.Xiao, J.-H.Yu, Y.-H. Zheng, 2201.04639

M-basis > Y-basis: obtained with Young tablueax
HMMM method and amplitude operator
correspondence.
> M-basis: independent monomial operators
> P-basis: irrep of symmetric group of
/ \ repeated fields—also irrep of SU(n f)
RS W B “?a;l\; TR - F-basis: independnent flavor tensor spaces

— eliminate the improper and redundant
flavor tensors
> J-basis: Eigen-basis of Casimirs

ABCA4EFT: powerful to obtain the transformation matrix between different bases



The origin of the J-basis—Generalizd partial wave basis

(out|Tlin) = > > /dP dP'(out|P, J, o) (P, J,o|T| P, J o' \(P',J, o' |in)
J,o J o’

= Z a,JBJ(in — 0ut)5(4) (Pous — Pin)

B’ (in — out)

B’ (in — out) = Y (out|P,J,0)(P, J,olin)

g

A J-basis amplitude for M-to-N scattering with specific
angular momentum of 1in and out states



Casimir of Poincare Symmetry

B (in — out) = Y (out|P, J,0)(P, J,olin)

o
1
Pauli-Lubanski operator W, = §GWPJP”M -

P|P,J, o) = P|P,J,0), W?Z?|P,J,o)=—P?J(J+1)|P,J, o)

(P, J,o | Wy,...,UN) = C]{,’U(S(4) (P — sz> Poincaré CG coefficients

1

2-body states (unique): M.-Y. Jiang, J.Shu, M.-L.Xiao, Y.-H.Zheng, 2001.04481

C&]};‘;hg) ~ [12]J+h1+h2 (<1X>J—h1+h2<2X>J+h1—h2){lla---,f2J}

Massive spinor state: y'(P)



Casimir of Poincare Symmetry

B (in — out) = Y (out|P, J,0)(P, J,olin)

o
1
Pauli-Lubanski operator W, = §GWPJP”M -

P|P,J, o) = P|P,J,0), W?Z?|P,J,o)=—P?J(J+1)|P,J, o)

(P, J,o | Wy,...,UN) = C]{,’U(S(4) (P — sz> Poincaré CG coefficients

1

2-body states (unique): M.-Y. Jiang, J.Shu, M.-L.Xiao, Y.-H.Zheng, 2001.04481

C&]};‘j,hg) ~ [12]J+h1+h2 (<1X>J—h1+h2<2X>J+h1—h2){lla---,f2J}

)\éAaJ — me‘”, >\dI>\§ = meygg

By sa=> [CP7(3,4)] C"(1,2) ~di, b, ni—ns(6)

(o)



Casimir of Poincare Symmetry

B (in — out) = Y (out|P, J,0)(P, J,olin)

o
1
Pauli-Lubanski operator W, = §GWPJP”M -

P|P,J, o) = P|P,J,0), W?Z?|P,J,o)=—P?J(J+1)|P,J, o)

(P, J,o | Wy,...,UN) = C]{,’U(S(4) (P — sz> Poincaré CG coefficients

1

3-body states (degenerate):

J=1l,0,1 {I I}
C(O,O,O) 12] <1X 1 > <2X i > Not systematic, need to find

J=1,0,2 7 some other way to construct B’
C(O,O,O) ~ [23] <2X{ 1> 3X12}>



Casimir of Poincare Symmetry
P|P,J,0) = P|P,J,0), W?P,J,o)=—-P2J(J+1)|P,J, o)
<P,J,O' | \Ifl,...,\IfN> ECZ{;05(4) (PZ]%)

W27 = /d4P<P, J,o |W? Uy, Un) =—sJ(J+ 1)C%?

\ Poincaré Algebra for Functions of Spinor variables

W2 = %PQ (T [M2] + T | 12]) — %Tr PTMPM|
0 0 ~ s 0 0
<)\iaa—)\?+)\ww>, MdB:Z;<AidaT§+Ai38—S\?¢>

E. Witten, hep-th/0312171
M.-Y. Jiang, J.Shu, M.-L.Xiao, Y.-H.Zheng, 2001.04481



Casimir of Poincare Symmetry

Define the action on the amplitude:

W:°B’ (I - T')= (W?C})-Cf = —szJ(J+1)B' (T - T')

. 0 0
Mrop =53 (ol 0o
i€T i v Acting only on the momentum

9 of particle in the part /
Mras =12, ( Y057 A"'%ié«)
2

1€l
As one expact the partial wave basis 1s

For a complete set of amplitudes for a specific set of particles and of a
fixed dimension—the amplitude generated by a type of operator, we
expect to find a representation matrix of the Casimir operator W~

WIQBz = —SIW@'ij J




Casimir of Poincare Symmetry

Take L L .H H D’ as an example:
BY

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

= Bl = K}yBY = !
(13)(24) J

- 334<12> 2 Yy __ _1745 2 Yy Yy _
s ([34](13}(24>>’ W e —313( y 2 BY, Kg =



Gauge Amplitude

One can do the same thing for the gauge amplitude

Cy, = T*T?, for both SU(2) and SU(3),
C3 = d*°TT’Te, for SU(3) only,
N
']%_‘A © 61112---IN a Z;(Té)i@fl---filzli—l—lIN
S

Representation of the i-th index

CoTi=> T;C J
I o N
L AN

A complete set of invariant tensors Representation matrix of Casimir




Gauge Amplitude

Take again L L .H H D’ as an example:
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Definition of J-basis operator

Amplitude operator correspondence defines J-basis operators
WIBJ —szJ(J + I)BJ

OS5y ~TR)B (I~ T) CzT(R ): CR)T(R)

It annihilates multiparticle states with fixed angular momentum and Gauge quantum numbers

J R’ JJ' RR’
O.’Z—).’Z’ V1) ~ 0”70

Automatic generation of J-basis operator for a given type in our package

inf4)= LoadModel ["SMEFT.m"]

Infe]= GetJBasisForType[SMEFT, "ec" "L" "Q" "uc" "D" "2, {{1, 3}, {2, 4}}]

out[9]= (‘ basis - {eij (ecp Lry) ((DuQsay) (Duce?)), = (eCp Qsuy) ((DuLpy) (Duce?)), ie™ (ecp Ouy Ley) ((D¥Qsny) (D7 uce?) )},
groups — {SU3c, SU2w, Sp-in}: j_baSﬁS% {<{Lz, ucyg} - {{0O, 1}, {1}, 2}, {ecy, Q3} = {{1, O}, {1}, 2} > » {{-6, -2, -6}},

< {Ly, ucy} —» {{0, 1}, {1}, 1}, {ecy, Qz3} - {{1, O}, {1}, 1} = {{2, -2, -2}},
<\{|—23 ucy} — {{03 1}3 {1}3 0}3 {ecy, Q) - {{13 0}3 {1}3 0} - {{03 2’ 0}}} ‘)

12



Application 1: Finding UV Origin

CDE

Top Down: Lyy D WY Fione — Jiight - Sight

heavy

Bottom up: /R _s/' R we can exhaust all the tree level resonance without UV models

heavy
Topology j-basis Quantum numbers {J,R, Y} | Model
J=1/2,R=
o \ L 0{131/2 1_ =0V 4 OF. %, 1,0} Type I ( TLHH, 1)
RN OLimm = OIL)LHH 2
L H J s
O{lgi/“‘ = 0P 4308, {1,3,0} Type III Y[l VI )€ S Hy Hy (Lyi Ly ;)
B 2 [%]y[—ﬂ]é”“&jlﬂkﬂz(Lsz i)
L > o Oy =% = —20%, {0,3, -1} Type II v
-
L H J=0R=1 _ o5np . .
Oty =205 {0,1, -1} N/A Forbidden, as Higgs have

only one flavor

13



Application 1: Finding UV Origin

So far we only discuss two partite channel, extension to multi-partite is straight forward

[W:%l ) W%QL [W:%l ? W123]7 [W%g ) W:%Q]
[GIl ) @Iz]v [(DIl ’ (DI:s]v [(DI37 (DIZ]
Can Find simultanous eigenbasis for each Casimir operator

6 5

(’);LDJ bR B%J’i}’{R’L’} Can be obtained by integrating out heavy fields {\I!J’L"R’i}

14



Application 1: Finding UV Origin

So far we only discuss two partite channel, extension to multi-partite 1s straight forward

[WIQl ) W:%Q]’ [W:%l ? WIQE;L [W%g ) W:%Q]
[(DIl ) (DIz]? [(Dzl ’ @I:s]v [(DI37 (DIQ]
Can Find simultanous eigenbasis for each Casimir operator

6 5

Three steps finding tree-level UV origins of an operator type:

1) Finding all the tree topologies and partitions for fixed number of external legs,

2) Finding all possible J-basis for all the partitions of the given topologies.

3) Expand J-basis with P-basis, and find out those contribute to allowed permutation symmetry

14



Application 2: Analysis Dim-8 Contritution to qgWW

C. Degrande, H.-L.Li, 2206.xXXXXX

Motivation: Dim-6 Operator inteference effects maybe suppressed:

2
2 As | As . y
’A| = |Asm + E + F May vanishes due to helicity
selection rules

1 1 1
= |Asu|* + Az Ay + F’AGP + iz AsAsar + -

A. Azatov, et.al.,1607.05236

If one considers the dim-6 square contribution, it better to
taking into accout the dim-8 inteference for consistency

15



Application 2: Analysis Dim-8 Contritution to qgWW

E4

The dim-8 interference amplitude at most scales as )
A

Os = iWTH, W\ (drpy* D pdry),

Oy = iWTH, W, (aryy D purs),

O10 = iW'H, W', <QLT7>\ﬁMQLp> :

O11 = i’ 7 BW e, W, (CY}:NA (TK)ijﬁ,uQLrj)a CP Violating
Oyy = il 7EWIr Wiv, (Ciipv/\ (TK>Z~j%>,uQLrj> 7

. . P AN
O13 = e TR WIH WY (qupW/\ (%)’ D qum‘) :

Other dim-8 operators at least suppressed by %



Application 2: Analysis Dim-8 Contritution to qgWW

Scaling beheaviour of each operator as high energy

<—— Zero can be explained

/ by J-basis analysis

Operator | Scaling of 3"y 1 2 Re(A%‘L?‘IAﬁ“‘*S*) f_ll d cos 0.A%
Ox dd : [BgS + Cs 0
Oq au : [ByS + Cy) 0
o uii : AY - S% 4+ Bl - S+ C ALy S2 4+ By, - S+ 05,
dd: A%, -S?+ Bl - S+ CY Al .52+ B 5+,
On 0 0
o, uti : A%,S% + BY,S + C1, uti : Al5S? + ByS + CYy + Diylog S
dd: A%,S? + BLS + C4, dd: A},52 + BY,S + Oy + Diylog S
0. uti: A%S*+ BlLS + CY uti : A138? + B35S + C3 + Di3log S
dd: A%,8% + BLS + C4, dd: A48% + Bi4S + Oy + Diglog S

17



Application 2: Analysis Dim-8 Contritution to qgWW

Scaling beheaviour of each operator as high energy

u. u
T2P2N4 T3P1N5S T3P2N6

w
N
u
j W
Bl S

u
T3P3N7

Operator | Scaling of 37y , 2 Re(A%IMAgim*S*) fil d cos §.A? o
_ s v vl I — A
Og dd : [BsS + Cy] 0 Qg = iW H, W \(urpy" D yury)
Oy uu : [B()S + Cg] n
GetJBasisForType[SMEFT, "uc" "uct" "wL" "WR" "D", {{1, 4}, {2, 3}}]
10 dd - Acli() 52 4 Bi{U S Ciio (|basis > {i WRT“wLE (uc,® o, (Dyuct,,) )}, groups - {SU3c, SU2w, Spin},
j-basis » { ¢ {ucy, uctz} » {{0, 0}, {0}, 2}, {WLy, WRs} » ({0, 0}, {0} 2}|> » {{-4}}} |>
O 0 u " !
u u =
o uu: AY,S? + BlLS + CL, uti : AjyS . - ”
12 o
dd: A4,S% 4 BLS + 04 dd: Al,s  u oW >H w «ffw Only J=1 & J=0 channel
win: AU+ BULS + Ol wi: A4S T _— 2P contribute to pght—handed
O13 . y — w W u qark scattering
dd N A].SS + BldS + 013 dd . A13S >~\E/w{\“ E W H w

18



Application 2: Analysis Dim-8 Contritution to qgWW

Numerical result: comparison with dim-6 EFT? and inteference

Cws T Tl C —
. P I 10 _ arlp Iv - A
S Ows = EWRWIWS S0 010 = W W (@00 D ey
pp = W, s=14 TeV, oj=oys” s pp > W™, s=14 TeV., ofi=ois
;t,f | |O.1I1t
3.0 Y 1
! int
fegas
25/
A B [2my,0.3A]
=20} '.f; ) ) [2mw,0 SAJ
Gt/ ' [2my,0.7A]
<> }/ —[0.3A,0.5A]
36k _ O 15f S ——0.5A,0.7A]
’ f,’ ————— [ZmW,OBAJ—[OSA,(]?AJ g [03A,07AJ
- [2my,0.5A]——[0.3A,0.7A]
34/ - [2my,0.7A] . 1L.Op" -
; ——[0.3A,0.5A]
1 2 3 4 5 1 2 3 4

A [TeV] A [TeV]



Application 2: Analysis Dim-8 Contritution to qgWW

Angular distribution

pp > W'W~,s=14 TeV, A=1 TeV, ¢;=1
Smin=300 GeV, §max=700 GeV

1.0 —
i P d()'ént
' /‘, > 1. int
0.8} X2 Y do
I 'I ‘\‘ .
"3 [ l'l K do_ll%t
e 0.6. ,' "\\ d lnt
o) ! s S A V)
' z \ __int
2 0.4} T X do3
B N :
S | / fvocemdoint ||
~ [ ’/ \ QW
0.2 7 -1~ : EFT?]
Fd [ L= _ae=e=="" | == ‘-do-
[ _ T T2 = doow |
0.0 ===
2\ ',’, ~ I
_0.2 ] ] ] ]
0 /4 /2 3r/4 T



Summary and Outlook:
1) Our package automate the enumeration and convertion between
operator basis

2) J-basis is useful in many applications: UV origins, Anomolus
Dimension, vanishing interefrence, etc.

3) Dim-8 contrituion to the qqWW 1is significant.

4) Angular distribution of dim-8 contribution 1s different.

5) Bring back the EOM information.

6) Positivity and Unitarity bound on certain dim-8 operators.

7)Enumeration of ChPT or ALP EFT with Adler Zero condition.

21



Sack up sliaes

326
oow - (8) = —0.01143 +

A

S

18142 x 10775

5.392 x 1071°

A

S

oi(5) — 0.00346 + +3.619 x 10773



My, 7{: S NN

Hel NP SM
_y C8S (-2MW2 +5S) Sin[g]zsin[e] SUNT [Coll, Col2] 0
4 Alfa MZ2 r..“n" 1- W2 sin[6] SUNT[Col1,C012]
__ C8 MW2 S Cos [6] Sin[6] SUNT[Coll, Col2] e
(-MZ2+S)
0 c8Mw2 $3/2 (1.2 Cos[a]) sm[%}z SUNT [Coll,Col2] 4 AlfaMZ2 7/ 8MW2:2 S Sin[%]z SUNT [Coll,Col2]
- V2 mw ~3 MW MZ2+3 MW S
4 Alfa MZ2 r._“n" 1- 2 sinfo] SUNT[Col1,Co12]
iy C8 MW2 S Cos[6] Sin[e] SUNT[Coll, Col2] L
(-MZ2+S)
4 ~2C8S (-2MW2 +S) cOs[§]351‘n[§] SUNT[Coll, Col2] 0
0 c8 w2 53/2 Cos[5]2 (-1+2 Cos [6]) SUNT[Coll,Col2] 4 AlfaMz2 7+/-8MW2+2S Cos[5]? SUNT[Coll,Col2]
+
V2 mw ~3 MW MZ2+3 MW S
0 c8mMw2 s3/2 (1:2Cos[5]) 51n[§]2 SUNT [Coll,Col2] 4~/2 Alfamz2 ny/-4Mw2:s sin[$]2 SUNT[Coll,Col2]
+ - —
2 mw 3 MW MZ2-3 MW S
0 €8 Mw2 5372 cOs{%]z (1-2 Cos[0]) SUNT[Coll,Col2] 4+/2 AlfaMz2 /-4 Mw2+S COS[%]z SUNT[Coll,Col2]
- V2 MW 3 MW MZ2-3 MW S
2 AlfaMz2 | 1- 22 5 Mw2+s) Sin[e] SUNT[Coll,Col2]
& 35 a8 v
00 [-2C8MW2S (Cos[Z]+Cos[22]) Sin[2] SUNT[Coll, Col2]

3 MwW2 (MZ2-5)




L orentz Structure - Conventions

Using Spinor Indices

Spinor
SO@3,1) SL(2,C) ~ Su(2);, x SU(2), Helicity
Variables
¢ ¢ ~ (07 O) N.A.
Yo ~ (1/2,0)
v 4l ~ (0, /2 Aar  Ad
Flog = Fu 0 ~ (1,0)
Fly Madg,  Aad;
Frap = ——FM 5% ~ (0,1)
D, D,o" . ~ (1/2,1/2) Aada
ri —hi T+ h;

Field Building Block: D"~ 1hil®, ~ ( ) ® lower weights

2 72
D?,D = (DMO"LL??D)adﬁ — hz = —1/2, T, = 1/2



v’ ¢°
AA
Pt —nonn
DIty —— 4
4 5 6

w = N+h

=2

4

7 gaﬂzyi &0
D’y
Do’
s wfmz"’bz
4
Dt V¢
3 6 7



A cv? B; c V4+2 dim
; W24, .
A=V SAq N D’
(wz)_lB Bl = szl N SA-l al
- 1
) s™'B
A, = (W3 1B, ns™ 1B, , ' 02
N W<A, .
sA, t\B W24 p N
_ = ns 2
- (W2)~1B, P 2 2 2
2\-1 -1 s~'B,
Az = (W)™ B, Ns™ B, . 03
Ap B, On

B,= W24, = sA,

A~

Wive = sVl c vit? V4 =gspan{B} c V<



—3/92 3/92 J 1/2 J=1/2  —=J=3/2
3134/ By 2514 9 = 3134/ (12) [35][46] = - _B +B
Bio s 813482 14 Wi B s

d=9

P2t

34](56](12), [35][46](12).

d=11
¢2wT4D2

—[34][56]s56(12), —([35][46]s56(12),

(34][56] 546 (12), —[34][56]s45(12),

[35][46]s46(12), —[35][46]s45(12),

— [35][46] 536 (12), [35][46] 35 (12).

—[34][56]s36(12), [34][56]s35(12),

—[34][56]534(12), —[35][46] 534 (12},
[34][56]2(15) (26), — [34][45][46](14) (24),

—[36](46][56] (16) (26), —[35][45][56] (15) (25),

[35][46][56] (15)(26), —[34][46][56] (14)(26),
[34][45][56] (14) (25), —[35][46]2(14)(26),

[35) [45][46] (14)(25), —[34][35][36] (13)(23),
[35][36][46] (13) (26), —[35]2[46](13)(25).

[34][36][56](13) (26), —[34][35][56]{13)(25),
[34)2[56] (13) (24), [34][35][46](13) (24).

134][35][56](13) (25)
+(34][45][56](14) (25)
+[34][36][56] (13) (26)
+(34][46][56] (14) (26),

[35]2[46](13)(25)
+[35][36][46](13) (26)
+[35][45][46](14) (25)

+[35][46]%(14)(26).

—3[34][35][56] (13)(25)

[34] [36][56](13)(26)

[34] [45][56](14)(25)
-3 [34] [46][56] (14)(26),

2(34](35][56](13) (25)
—12(35]2[46](13)(25)
+[34][36][56](13) (26)
15135](36](46] (13) (26)
+ [34] [4a] [56} (14)(25)

— 17 [35][45][46] (14) (25)

+2(34][46][56] (14) (26)
—12[35][46]2(14)(26).

PW = Wr1234[312¢14} M 8134 [Bz2wT4] =

(—[34][35][56](13)(25) —
—[34][45][56](14)(25) —

[34][36][56](13) (26)
(34][46][56] (14) (26) ).



Convertion of non-SSYT

@ Decompose into the SSYT basis (y-basis) B = >". K;5;

@ Replace p;1: -
N 3|7
(i)[15] = =) (ik)[kj].  [ilmld) ~ -
k=2
@ Replace p2 and p3 in the following situation
3|2 11 2(2
41k 312 413
L|polk) ~ ckplt)~ o s~ Rl ~
© Replace s23
1(2 N
413
So3 ~ - S23 = — Z [.92@' + s3; + Z Sji]
i=4 >
@ Schouten fori < j < k <
(il)(Gk) = (ik){jl) — (eg) (k). )

[@l][jk] = [ik

1) = [25] (k1]

Automated in the program

1]2 B E 1]2
4]3 B ola] T [3]a]

104 60(20(3

€ — _60410626(13014 _1_606104360620647

(14)(23) = —(12)(34) (13)(24)

Non-SSYT Amp  # of Fields

v v

- AmpReduce[ab[2, 3] ~ab[1, 4], 4]

ab[1l, 3] ab[2, 4] ~ab[1l, 2] ab[3, 4]

M= Ki;M]

Credit to Ming-Lei Xiao



Repeated Field: Y-Basis to P-Basis

Flavor-Blind { O] } Y-Basis
i=12,..,d.d,

S3
1 2 3 4 )
Of1f2f3 Of1f2f3 O.flf2f3 Of1f2f3
A A A A

Oif(flfzfa) - ZD(W)jiO}Ifﬁ?» I‘CduCIble
J

Type: with repeated fields SU(ny)

01
fi1f2f3 Of1f2f3

i OZ _ eabceijekl
0 q Obstancle finding independent flavor entries

Type with repeated fields:
Q°L
abceikejl, 6abceij 6k:l

TG:E

M = (LpiQraj ) (QsokQtct), (LpiQsvk)(QrajQict)

O = ™! (LpiQra;) (QsokQtet)
03 = e (LpiQovk) (QrajQtet)
O} = €9 " (L1iQra;) (Qusbk Qter)

(LpiQspk)(QrajQtet)

39



Repeated Field: Y-Basis to P-Basis

Flavor-Blind { O] } Y-Basis

Ofl f2f3

Flavor-Blind {O} } P-Basis

i=12,...,dd, i=12,..,d.d,
(. ) Sy ) ( ) 12) ooy 73 @1)
Of1f2f3 O.flf2f3 Of1f2f3 Of1f2f3 ’C?Zy Oflf?f?’ f1f2f3 @ f1j2f3 @ Of1f2f3
A s —
[111]
i :ZD(W)~Z-Oj ibl o1l N ﬁop,u,j OE(]fff)_O[f?;]}i7}3 Oﬂ'(fffs)
k (f1faf3) - It f1f2f3 C1 e) \ 7r(fff I f1fafa (~1) gn(ﬂ' 0[111911 ]J
\ / \ r-Wely duality
Type (ns) Type: with repeated fields
Ole |
fif2f3 1, (1)
faf ]
o Oflf2f3 1,(537 ) ! (@ %
o 1214 ® f1f2f3
[ ] o
e ° 1)
o ©® 0123
L l=="
Ofljgfs

0111 = 2071, + yOi 4



Permute transfer

An operator point of view

hi,... {frk)s--}
gooifk’i B TS{‘%% }Té{US }M{gkf-k-)-},{hk,---} | Rename the

permute flavor

T{gw(k)a--'}T{hw(kz)7-“}M{f7r(k:)a--'}

D SU3 SU2 {9=k)r o lPx(k)s--}
N {9k,---} {hk,...} {fr,--}
— (WOTSUIE ) (WOTSUS ) (”OM{gZ,...},{hk,...})
permu?g gauge permut;rLorentz
Example: LLHH iz = (ehirghiz 4 ciadighi)
(12)O@f1f2 — Ohh
= Tgpy/em 2Ll L), o H, Hy,
= Tégljl(’ééljZEQQalL£é12,i1L£21,’i2Hlej2

= (momgiy™) (moM{L)) As = A © Ay

dummy indices



Example of LQQO v [f] 01 = 120} ~ 1205

e ]3]

1 1
EEEE) (1 0 0 —1)
-7z 7 2 =& r 0 0 0 0
IR Y1 0 0 0 0
3 3 3 3
1 1 1 1 1 0 0 l) \
\_6 b 7 “ylEl oy, =0
=l 2,3 —
(% -1 1 %\ Of = €™ (LpiQraj) (QsprQser)
0 O 0 0 Final result:
Y B = Y [ 0 OF
2 _1 _1 2
3 3 3 3 o
2 _1 _1 2 yMSIJOOj}[,
2 -1 -1y :

vf-o



The use of the package
* Define the Model

modelzni sverTl;  nitiate the name of the model

AddGroup [SMEFT, "Ulb™];
AddGroup [SMEFT, "U11"];
AddGroup [SMEFT, "SU3c", GaugeBoson -» "G"]; .
AddGroup [SMEFT, "suzw", GaugeBoson -> "W"]; Addlng GlObal and Gauge gI'Ollp
AddGroup [SMEFT, "Uly"™, GaugeBoson -> "B"];
Setting number of flavor _ .
=33
AddField [SMEFT, "Q", -1/2,
{"su3c" ->» {1, 0}, "suzw" -> {1}, "uly" ->1/6, "Ulb" -> 1/ 3}, Flavor -> nf];
AddField [SMEFT, "uc™, -1/2, {"SU3c" -> {8, 1}, "Uly" -» -2 /3, "Ulb"™ -> -1/ 3},
Flaver -» nf];
AddField [SMEFT, "dc", -1/2, {"SU3c" -» {@, 1}, "Uly" -> 1/3, "Ulb" -> -1/ 3},
Flavor -» nf];
AddField [SMEFT, "L", -1/2, {"sU2w" -> {1}, "Uly" -> -1/2, "Ull" -> 1}, Flavor -»> nf];
AddField [SMEFT, "ec™, -1/2, {"Uly" -» 1, "U11" -» -1}, Flavor -» nf];

AddField [SMEFT, "H", ©, {"SU2w" -> {1}, "Uly" -» 1/2}]1; . .
Adding Fields



The use of the package

* Define Group Pro

(* Initialization )

If[MatchQ[groupList, _List], AppendTo[groupList, "SU2"], groupList = {"SU2"}];
AssocIni[tRep, tOut, tList, tasList, INDEX, tVal, tYDcol, tSimp, tY2M, tM2Y];

tList[SU2] = {del2, eps2a, eps2f, t, del3n, eps3n};
tasList[SU2] = {eps2a, eps2f, eps3n};

file (SU(3) and SU(2) templates so far)

tVal[Su2] = {del2 -> IdentityMatrix[2], eps2f -> LeviCivitaTensor[2], eps2a -> LeviCivitaTensor[2], t -> GellMann[2], del3n -> IdentityMatrix[3], eps3n -> LeviCivitaTensor[3]};

tYDcol[SU2] = eps2a;
If[! IntegerQ[dummyIndexCount], dummyIndexCount = 0];

(* Define invariant tensors x)
AppendTo [tAssumptions, del2 e Arrays[{2, 2}, Reals]];
tRep[del2] = {{-1}, {1}};

tout[del2] = PrintTensor[<|"tensor" -> "&", "upind" -> {#1}, "downind" -> {#2}|>] &;

TensorConj[del2[a_, b_]1] :=del2[b, a]

AppendTo [tAssumptions, eps2a € Arrays[{2, 2}, Reals, Antisymmetric[{1, 2}]11;

tRep[eps2a] = {{-1}, {-1}};
tOut[eps2a] = PrintTensor[<|"tensor" -> "e", "upind" -> {#1, #2}|>] &;
TensorConj[eps2a[x__]] := eps2f[x]

AppendTo [tAssumptions, eps2f € Arrays[{2, 2}, Reals, Antisymmetric[{1, 2}]]];

tRep[eps2f] = {{1}, {1}};
tout[eps2f] = PrintTensor [<|"tensor" -> "e", "downind" -> {#1, #2}|>] &;
TensorConj [eps2f[x__]] := eps2a[x]

AppendTo [tAssumptions, t € Arrays[{3, 2, 2}, Reals]];

tRep[z] = {{2}, {1}, {-1}};

tout[z] = PrintTensor [<|"tensor" -> PrintTensor[<|"tensor" -> """,
TensorConj[t[I_, a_, b_1] t=<[I, b, a]

"upind"

AppendTo [tAssumptions, del3n € Arrays[{3, 3}, Reals, Symmetric[{1, 2}]]];
tRep[del3n] = {{2}, {2}};

tout[del3n] = PrintTensor [<|"tensor" -> "&", "upind" -> {#1, #2}|>] &;
TensorConj [del3n[x__]] :=del3n[x]

AppendTo [tAssumptions, eps3n € Arrays[{3, 3, 3}, Reals, Antisymmetric[{1, 2
tRep[eps3n] = {{2}, {2}, {2}};

tOut[eps3n] = PrintTensor [<|"tensor" -> "e", "upind" -> {#1, #2, #3}|>] &;
TensorConj [eps3n[x__]] := eps3n[x]

-> {#1}|>], "upind"

» 331115

-> {#3

AssociateTo[tY2M, {
Tla, j_, k.1
15

AssociateTo[tM2Y, {

t[b_, k_, m_] :>Module[{dummy = Unique[]}, I eps3n[a, b, dummy] « c[dummy, j, m] +del3n[a, b] ~del2[m, j]]

eps3nfa_, b_, c_] :>Module[{dl = Unique[], d2 = Unique[], d3 = Unique[]}, - (I/4) t[a, d1, d2] (c[b, d2, d3]
12 H

tlc, d3, di] - t[c, d2, d3]

tSimp[SU2] = Hold [Block[{},

del2[7_, j ]~del2[j_, k ] :=del2[7, k]}
del2[i_, i ] ;

del3n[i_, i_] :=3;

del3n[a_, c_] ~del3n[a_, b_] :=del3n[c, b];
del3n[a_, b_] ~del3n[b_, c_] :=del3n[a, c];
del3n[a_, c_] «del3n[b_, c_ del3n[a, b];

del3n[b_, c_]~del3n[a_, b_] :=del3n[a, c];
del3n[a_, b_]1%2:=3;

del2[a_, c_]xt[J_, a_, b_] t=t[J, c, bl;
del2[c_, a_1xzt[J_, b_, a_] :=t[J, b, c];
Tli_, J_, J_1:=0;

tla_, i_, j_1xtla_, k_, 1_] :=2del2[l, 7]
eps2a[x_, y_]~eps2fw_, z_] i=del2[x, w]
eps3n[i_, j_, k]
del3nfa_, d_]
del3nfa_, d_]
del3n[a_, d_]
eps2f[i_, j_]
eps2f[i_, j_]
eps2a[i_, j_]
eps2al[i_, j_]
11

del2[j, k] -del2[1, k] «del2[j, 7]}
del2[y, z] -del2[x, z] ~del2[y, w]};
eps3n[l_, m_, n_] := DeteOuter[del3n, (7, j, k}, (I, m, n}1;
eps3n[a_, b_, c_] :=eps3n[d, b, c];

eps3n[b_, a_, :=eps3n[b, d, c];

eps3nfc_, b_, eps3n[c, b, d];

del2[i_, k ] ps2frk, 713

del2[j_, k_] ps2f[7, k13

del2[k_, 7] ps2alk, jl;

del2[k_, j_] :=eps2a[i, k]}

ConvertToFundamental [model_, groupname_, {0}] := If [CheckGroup[model, groupname]

ConvertToFundamental[model_, groupname_, {1}] := If [CheckGroup[model, groupname] U2, {1, eps2f[a[l], aa[1]]}, Message[ConvertT

Tlb, d3, d11)]

sU2, 1, Message[ConvertToFundamental::name, groupname, {1}]]

ConvertT

al{model_, groupname_, {2}] := If[CheckGroup[model, groupname] == SU2, dummyIndexCount ++;

©[A[1], aa[1], dummyIndex [dummyIndexCount]] » eps2f [dummyIndex [dummyIndexCount], aa[2]], Message[ConvertT

al::iname, gr

s {2311

CF[{0}, num_, ind_] :=1

CF[{1}, num_, ind_] :=del2[ind, Subscript[num, 1]]

CF[{-1}, num_, ind_] := eps2f[Subscript[num, 11, ind]

CF[{2}, num_, ind_] := TensorContract[eps2f®t, {{1, 5}}] [Subscript[num,

11, ind, Subscriptnum, 2]

al::iname, gr

P

s {1111



The use of the package

Basic Counting and Enumeration

SMEFTstat8 = StatResult[SMEFT, 8]; GetBasisForType [SMEFT, "Q"® "L" myL"] Enumeration

Done! time used: 0.577472 Counting

number of real types - 541 (‘ Q-1{3}1 -

number of real terms - 1266 {i checette my 1 (Lpy Ouv Qraj) (Qspi Qecr) s & pHgabe it hmy) Tuv (Qrag 9 Qspi) (Lp; Qeen) }s
number of real operators — 44807 Q-1{2, 1}} - { I,ieabceﬂek"'WLIw (Lp1_ Ouv Qraj) (Qepr Qecy)

SMEFTstat9 = StatResult[SMEFT, 9]; 1 T e T MWL (L 0y Qunk) (Qrag Qeen) » 2™ e T MWL (Q gy 0 Qo) (Lpy Qeen) 5

. _Ij _abc_ il _km Tuv
Done! time used: 0.607295 B e {lt ne e ek (Lp1 OWQraj) (stthd)H)

number of real types - 296

number of real terms - 1256 GetBasisForType[SMEFT, "Q"? "L" "WL", DeSym - False]
number of real operators - 90456 Changlng number
. . _Ij abc il _km Tuv
(» change flavor number x) Of the ﬂavor (|m-basis - {Lt ne e et (Lp" v Qraj) Qi Qect) »
. Ij_abc il _kmy, T . T _abc_ 4l _kmyy T
SetNflavor [SMEFT, #, 1] & /@ {"Q", "uc", "dc", "L", Mec"}; i T MWL (L 00y Qupi) (Qrag Qeer) s 3 T e e e L™ (Qr a5 0 Qo) (Lp; Qect) »
PresentStat [SMEFTstat8, SMEFT] i T MWL (L, 04y Qrag) (Qspk Qect) s it“ eI MWL (L, 00 Qupie) (Qrag Qecr) s
number of real types - 521 i tm abe It hmyy Tuv (Qra] Oy stk) (Lp1- th‘L) ) itm abegIn Ky T ( pi Cuv Qraj) (Qspk Qter) s
number of real terms - 993 i T eI LY (Lps O Qubk) (Qrag Qecr)s 1 (R (Qrag v Qspk) (Lpy Qe |5
number of real operators — 993 p-basis —» <1 {Q- {3}} = {1, 3}, {Q-= {2, 1}} > {1, 2, 3}, {(Q-> (1, 1, 1}} > {1} ],
1 1 1 1 1 1 1 1 1 1
KpmeHO 0 O g,g 0, 5,7@,0}, {75, 3 1 O § 75,5,0,75},
1 1 1 1 1 1 2 1 1 2 1
{gy 57 :5’ g O g: 519}1{751 5’0101 5 0 51’5:0}7
2 2 1 1 4 2 1 1 2 1 1 1 1
{ga ga 0: 01 _51 01 _5’ 01 O}a {_g’ ga O: 5: _ga O’ ga _ga O}J {g; g; 01 G: _51
1 1 1 2 1 1 1 2 2 1 1
5 *g B: 5}1 {*57 57 07 O: *g: 57 57 07 *g}: {Oa 07 O: g: 07 O’ 07 *g’ 0}}‘)



Example of LOQQQ

TE}},U(2) - GZkeﬂ TgU(Q) 2 — ezjekl Bi, s eaﬂ675LpiaQrajBstk’ythl5 Ty abe
(’L 1 ]_> 2k 3.1 — 4) B%, — GOWE/B(SLpiastk'erajﬂthlé SU(3) 1 — €
(B— 1,7 — 2,8 — 3) (a—=>1,b—=2,¢c— 3)
0 1
D 12)] = _ ——
sowl12)] = (7 ) = (%, 3) Dsua[(12)] = —1
Dsul123)] = (71~ 0 _1 Dsy(3)[(123)] = 1
sualIB)]=1_; Dy [(123)] = (1 —1)
OZ e {Eabceffejl (Lps Qraj) (Qspk Qect) s Eabcej:ll(ejl (Lps Qsor) (Qraj Q)
et (Lp; Qrag) (Qspk Qtct) ettt (Lps Qebk) (Qraj Qecr) |
00 0 1 0 1 0 -1
00 1 0 S |
Dol12)=14 1 ¢ o Dol(123) 0 1 0 0
1 00 0 -1 1 0 0



Clarification

An amplitude point of view  gpin_gtat

moAmp(1,2,....m,....N) = Amp(w(1),7(2), ..., 7(m), ..., N) = £ Amp(1,2,...,m, ...

. B

Amp transforms as 1-dim irrep of the S,  []..[ |=[m] <

Amp(1,..,N) ~Cp  n TN B@D(hy .. hy)
Each factor spans a representation of the S group

MG =Xe @ A5 | o T_




