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The Non-Linear Symmetry

Symmetry breaking G — H with Goldstone fields £ = e XY ¢ G/H.

@ Although spontaneously broken, G is realized non-linearly at low energy

T T+E€
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The Non-Linear Symmetry

Symmetry breaking G — H with Goldstone fields ¢ = '™ X"// € G/H.

@ Although spontaneously broken, G is realized non-linearly at low energy

T T+E€

@ The CCWZ construction (Coleman et al. 69')

i€ 0,8 = di X + el T
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The Non-Linear Symmetry

Symmetry breaking G — H with Goldstone fields ¢ = '™ X"// € G/H.

@ Although spontaneously broken, G is realized non-linearly at low energy
7r—>7r—|—ef§7'(7r)e+...

@ The CCWZ construction (Coleman et al. 69')
i€ 0,8 = di X + el T

@ The bottom-up approach: Adler Zero (Low 14')

%sn\l/\ﬁ'a i, = % Mﬂsin2(f/2)Tz
(T"7)a(

dy, =

where Top = f~ Z “10)p, without any knowledge of the broken group G.
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The Non-Linear Symmetry

Symmetry breaking G — H with Goldstone fields ¢ = '™ X"// € G/H.

@ Although spontaneously broken, G is realized non-linearly at low energy
7r—>7r+ef%7'(7r)e+...

@ The CCWZ construction (Coleman et al. 69')
i€ 0,8 = di X + el T

@ The bottom-up approach: Adler Zero (Low 14')

%sn\l/\ﬁ'a i, = % ,ﬂTSiHQ(fﬂ)T’
(T"7)a(

dy, =

where Top = f~ Z “10)p, without any knowledge of the broken group G.

@ G-invariant (H-invariant + Adler Zero) Chiral Lagrangian

2
£® = %Tr(dyd“) > n29%, nto?, 7t9?,
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Chiral Perturbation Theory (ChPT)

@ Consider G = SU(Ny)r x SU(Ny)r — SU(Ny)v = H by (qq) #0
e External sources in QCD: £ = L{cp + ¢y (vu + auy’)g — q(s — ipy°)q
Hidden Local Symmetry: V, X =0, X —iA,(X), A€ {v,a,e}

@ Two ways to parameterize the chiral Lagrangian:
o Left-right basis: U = £2, x ~ s+ ip, Fi, Fg”.

o u basis: uy ~ dy, x+. fi7.

@ Redundancy relations to build Lagrangian:
e IBP: (VX1)X2 +X1(VX2) ~0.

o EOM (field redef.): V, ut = £ (X_ - L<X_>) .

o CDC: [V, V] = i[“wuu] - %fﬂtw Vgt + fop =0

o Schouten Identity (specific for fixed D = 4): Oy =0.

H1H2pE 5]

o O(p4) (Gasser&Leutwyler 84), O(p6) (Bijnens et al. 99'), O(ps) (Bijnens et al. 197).
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Effective Field Theory of Goldstone Bosons

On-Shell Construction of ChPT

@ It is known for more than half a century that the non-linear constraint can be
reproduced in the amplitude by Adler Zero: lim,,—o M = 0 (Susskind&Frye 69'):

PHYSICAL REVIEW D VOLUME 1, NUMBER 6 15 MARCH 1970

Algebraic Aspects of Pionic Duality Diagrams

LEONARD SUSSKIND* AND GRAHAM FRYE
Belfer Graduate School of Science, Yeshiva University, New York, New York 10033
(Received 9 May 1969)

Certain algebraic aspects are abstracted from the duality principle and are incorporated in a simple
model of pion n-point functions. An algorithm for constructing the n-point function in the tree-graph
approximation is based on the duality assumption and the Adler condition which states that the amplitudes
vanishes if any pion four-momentum vanishes, all others remaining on shell. The resulting amplitudes
satisfy the constraints of current algebra and partial conservation of axial-vector current for n=4, 6, and
8, and (we conjecture) for all #. In addition, duality specifies a definite form for chiral symmetry breaking.
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Effective Field Theory of Goldstone Bosons

On-Shell Construction of ChPT

@ It is known for more than half a century that the non-linear constraint can be
reproduced in the amplitude by Adler Zero: lim,,—o M = 0 (Susskind&Frye 69'):

2 2
£L® = %Tr(dud’“‘) ~ Yo 4 T om? .

2 2f2
p3 Da P2 D3 p1 D2
M(p1:~~->P6):p 5 + D s T p 3
p1 6 P6 5 p5 4
1 (513346 524851 835362)
f 5123 5234 5345

violate Adler Zero
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Effective Field Theory of Goldstone Bosons

On-Shell Construction of ChPT

@ It is known for more than half a century that the non-linear constraint can be
reproduced in the amplitude by Adler Zero: lim,,—o M = 0 (Susskind&Frye 69'):

£(2) _ f;TI‘(dud”) ~ %(871_)2_’_71-_2(8 ) +74(87r)

212 24

p3 Da P2 D3 p1 D2 p3
p2 4

M(p1:~~->P6):p 5 + D s T p 3+

p1 5

DPé 5 p5 4 Pe

_ i (513346 524551 | 835362) &2
f4 5123 5234 §345 f4 e

violate Adler Zero
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On-Shell Construction of ChPT

@ It is known for more than half a century that the non-linear constraint can be
reproduced in the amplitude by Adler Zero: lim,,—o M = 0 (Susskind&Frye 69'):

@ Extended to arbitrary n: Soft Recursion Relation (Cheung et al. 15’)

Di _>ﬁl = (1_aiz)pi ) M(ﬁh"wﬁ") EM”(Z) )
Poles at 37(2F) = 0, thus the Cauchy’s theorem gives
. 1 M(I)(Z:I:)M(I)(Z:l:) n
M(p1,....pn) =Mu(0) =y ——L L R AL F)=]]|(01-az).
(br-op) = Ma(0) = 3 i e P =[]0 - )

I+ I i=1
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On-Shell Construction of ChPT

@ It is known for more than half a century that the non-linear constraint can be
reproduced in the amplitude by Adler Zero: lim,,—o M = 0 (Susskind&Frye 69'):

@ Extended to arbitrary n: Soft Recursion Relation (Cheung et al. 15’)

. LMY M (65
M(pi,...,pn) = M, = S
(p Pn) (0) 51 Fn(z}t)(l — 27 /ZI )’

12[1—(1Z ).

F.(z)

1=1
@ How about higher derivatives? Need new inputs (LEC)! (Low&Yin 19')
Single Trace: 4)(1 2,3,4) = A2f2 —L s 854)(1,2,3,4) A2f2 ———513523 ,
d
Double Trace: 8(4)(1 2|3,4) = AZ}Z s3s, 8(4)(1 2|3,4) = A2f2 ———513523 .
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On-Shell Construction of ChPT

@ It is known for more than half a century that the non-linear constraint can be
reproduced in the amplitude by Adler Zero: lim,,—o M = 0 (Susskind&Frye 69'):

@ Extended to arbitrary n: Soft Recursion Relation (Cheung et al. 15’)

. LMY M (65
M(pi,...,pn) = M, = S
(p Pn) (0) 51 Fn(z}t)(l — 27 /ZI )’

12[1—(1Z

i=1

F.(z)

@ How about higher derivatives? Need new inputs (LEC)! (Low&Yin 19")

Single Trace: 4)(1 2,3,4) = A2f2 —L s 854)(1,2,3,4) A2f2 ———513523 ,
d
Double Trace: 8(4)(1 2|3,4) = AZ}Z s3s, 8(4)(1 2|3,4) = A2f2 ———513523 .

(1) All soft blocks S satisfy Adler Zero.

4 La;
i=1 722

(2) 1-to-1 correspond to Lagrangian terms £(4) = Z 0;.
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Soft Block Construction: First Attempt

Systematic construction of soft blocks (Dai et al. 20'):

@ Only P even Building block s;; (no €*?7).

@ Mandelstams constrained by Gram determinant
o D=4at O(pl®): dets;; =0

@ The resulting soft blocks are polynomials.
e Do not correspond to monomial operator

@ Assuming independent traces (large Ny).
o Cayley-Hamilton when Ny < N.

eg. (AY) =(4%?, VAesu(3)

1
2

[Independent Mandelstams]

freely generate

[Independent MonomiaIsJ

Adler's zero

[Goldstone Kinematics]

trace symmetry

Soft Blocks
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Building Soft Blocks

On-Shell Operator Construction in a Broader Sense

Amplitude/Operator basis correspondence (Shu, Ma, MLX 19')

@ Operators O are isomorphic to local gauge invariant on-shell amplitudes B = T M

o IBP ~ momentum conservation Zipi = Zl |#)[i] = 0.
o EOM = on-shell condition (i3) = [ii] = 0.

e D = 4 Schouten Identity / Gram Determinants ~ spinor Schouten Identities.

(1) (kl) + (ik){15) + (i) (Gk) = O, [ig][kl] + [ik][l5] + [il][5k] = O .

An independent operator basis ~ an independent amplitude basis. '

@ Young Tensor Method (Li, Ren, Shu, MLX, Yu, Zheng 20').

M reduce ZCZ'ME‘U) , M(y) ~ <'Lj> e [kl] PN

i

@ Mathematica Package ABC4EFT (Li, Ren, MLX, Yu, Zheng 22’)

Ming-Lei Xiao (EBEE) ChPT Basis April 21, 2024
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Soft Block Construction: Second Attempt

Young Tensor approach (Low, Shu, MLX, Zheng 22'):

v Both parities are included (but mixed).

(i) [RIRD L] £ [ig) (k) [kl (12)

_ { 4(sijsk — SikSjl + SiZSjk) Y-basis

di€ppo Dy D5 DRD]

Adler’s zero

v Free from Gram Det. and Schouten (D = 4) [Goldstone Kinematics]

5% [ %™ [ %™ [ 0" [ ™0™ [ 9P [ 65T | ¢%p"
f™(si;) | — | 1287 | 3003 | — | 8568 | 27132 | 42504 | 177100
y-basis — | 1286 | 2994 | — | 8547 | 26873 | 42308 | 173915 trace symmetry
"™ (sie) | 225 | 825 | 2475 | 1575 | 8400 | 35700 | 53900 | 309925

y-basis 180 600 1650 | 1106 | 5019 | 18305 | 28196 | 132335
Soft Blocks
@ The resulting soft blocks are still polynomials.

@ Assuming independent traces (large Ny).
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Soft Block Construction: Final Algorithm

Young Tensor approach (Low, Shu, MLX, Zheng 22'):

[Adler’s Zero MonomiaIsJ

v Both parities are included separately. y-basis

e N™205 (even) 4 4y o x"205 (odd) j gy
s1283a856 = Do ¢ MY, enzsasse = 30 7T MG

[Independent Monomial Kinematics]

trace orbit

[Soft Blocks (N} > N)]

Ming-
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Soft Block Construction: Final Algorithm

Young Tensor approach (Low, Shu, MLX, Zheng 22'):

[Adler’s Zero MonomiaIsJ

v Both parities are included separately. y-basis

) 205 (even) ) 205 (odd) y 4y
s12831856 = 9o ¢ MY, erazasse =y ¢ M)

i=1 "

[Independent Monomial Kinematics]

V' Free from Gram Det. and Schouten (D = 4)
trace orbit

[Soft Blocks (N} > N)]
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Building Soft Blocks

Soft Block Construction: Final Algorithm

Young Tensor approach (Low, Shu, MLX, Zheng 22'):

v Both parities are included separately. [Adler’s e MonomiaIsJ

_x—205 (even) 4 gy 205 (odd) y 4y
$12834856 = 21:1 Ci MY, 1234556 = Ei:l G M;

y-basis
V' Free from Gram Det. and Schouten (D = 4)

[Independent Monomial Kinematics]
@ Orbits of residual group H(T) (e.g. H® = Z):

YITM)=Y(TM), itM ea T (M)
Y(B)=Y(B) & 0~0 [soft Blocks (N} > N)]

trace orbit
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Building Soft Blocks

Soft Block Construction: Final Algorithm

Young Tensor approach (Low, Shu, MLX, Zheng 22'):

v Both parities are included separately.

205 (even) 4 gy 205 (odd) y 4y
s12834856 =y, ¢ MY, erzsasse = D, 60 M

v Free from Gram Det. and Schouten (D = 4) [Adler's Zero MonomialsJ

@ Orbits of residual group H(7) (e.g. H® = Z): y-basis

VTM)=Y(TM), itM ea T (M) [Independent Monomial Kinematich
YB)=Y(B) & 0~0'

trace orbit

eg.  Y(tr[123456]s12534556) = Y(tr[123456]s23545861)
[Soft Blocks (N > N)]

= (upuHuy u”upu’) = (upuMuyu’u,ul)
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Building Soft Blocks

Soft Block Construction: Final Algorithm

Young Tensor approach (Low, Shu, MLX, Zheng 22'):

[Adler’s Zero MonomiaIsJ

v’ Both parities are included separately.

205 (even) 205 (odd)
S12834856 = 9,1 ¢ VMY, €razasse =y, ¢ MY

i=1 "0

y-basis

v Free from Gram Det. and Schouten (D = 4) [Independent Monomial Kinematics]

V' Linearly independent orbits {H(T) M)} & trace orbit
; (T) ~
Monomial soft blocks Oy’ ~ V(T M,). [Soft Blocks (N > N)]

@ They are independent at Ny > N.
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Soft Block Construction: Final Algorithm

Young Tensor approach (Low, Shu, MLX, Zheng 22'):

[Adler’s Zero MonomiaIsJ

v Both parities are included separately. y-basis

205 (even) p gy X205 (0dd) 44y
S12834856 = 9, ¢ VMY, €razasse = D, ¢ MY

[Independent Monomial Kinematics]

V' Free from Gram Det. and Schouten (D = 4)

trace orbit

v Linearly independent orbits {H")(M,)} <
Monomial soft blocks O ~ V(TM.). [SOft Blocks (N > N)]
v Reduce: Y(TM,) = Z” Ca,ijTiM;' coordinate
Find independent coordinates c,,;; ! [SOft Blocks (Ny < N)]
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Building Soft Blocks

Independent Trace Structures

Group SU(Ny) | SU(2) SU(3) SU(4) SU(5) SU(6) SU(7) | Trace

Tarazas 1 2 2 2 2 2 2
Terazasad 3 8 9 9 9 9 9
Jarazasadas 6 32 43 44 44 44 44
Tere2asaaasas 15 145 245 264 265 265 265
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Building Soft Blocks

Independent Trace Structures

Group SU(Ny) | SU(2) SU(3) SU(4) SU(5) SU(6) SU(7) | Trace

Tarazas 1 2 2 2 2 2 2
Terazasad 3 8 9 9 9 9 9
Jarazasadas 6 32 43 44 44 44 44
Tere2asaaasas 15 145 245 264 265 265 265

Inner Product Treatment
Define gi; = (75, T3) = (T, )a1..an (T5)* N, we have
detg(Ny) #0 <« {T:} is independent
where TATE, = 85183 —8:j8,1 /Ny

i7" kl

Tensor reduction for 7=, ¢'Ti: ¢ = ((¢" ") T;, T).

Ming-Lei Xiao (&85E) ChPT Basis April 21, 2024 12/20
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The Operator Basis

@ Obtain independent orbits V(7 M) (independent soft blocks for large N);
@ Evaluate Y and find the unique coordinate on the 7;M;;
© Select independent monomials via linear algebra;

© Translate to operators

PipyPipz ***Pipn & Viug Vg Vi, Uy

O(p®) and O(p®) bases for 6-point soft blocks (agree with Graf et al. 20):

6pt O°) | SU(2) SUB) SUM@) SUG) SU(6)

P-even 3 8 13 14 15

P-odd 0 3 4 4 4

6-pt O(p®) | SU(2) SU(@3) SU(4) SU() SU(6)

P-even 9 40 68 74 76

P-odd 2 20 33 35 35
BT
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The Operator Basis

O(p®) operators without external sources:

\ SU(Ny) | Operator Basis | Amplitude Basis
(91 = (ufu"uPupunu,) = Y o tr[123456]s14525536
SU(2) (u“u uPuUpUy) By = Y o tr[123456] 514526535
(93 = (W*u"uPupuuuy) = Y o tr[123456]s15526 534
(94 (uu"uPupupuy,) Bs =Y o tr[123456]s16525534
= (Vv u uPupu, Bs = Y o tr[123456]s16 523545
SU(3) = (W*u"uPuy) (upup) = Y o tr[1234]56]s14525836
= (utu"uPu) (uuu,) Br =Y o tr[1234|56]s15524 536
Og = (u*u” Ty VY (upup) Bs = Y o tr[1234|56]s13524 556
(u u”u, Uy (u”up) By=Yo tr[1234\56]514523556
010 = (ulu” u” uﬂuyup> Bio=Y Otr[123|456]514825836
SU(4) 011 = (uMu up)(u#upu,,) Bi1 = Y o tr[123|456]s14526 535
O12 = (wHu’uy) (uPusu,) Biz = Y o tr[123|456]s13825546
O13 = {u“u > u’u )(upuy) Bis = Y o tr[12|34]56]s14525536
SU(5) O14 = (Wu” Y (uup) (upuy) | Bia = Y o tr[12[34]56]s15526534
(

SU(Ny > 6) O15 = (uuu) (W uy) (uPu,) | Bis = Y o tr[12[34]56]s12534556
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Results and Summary

Induced Linear Relations

For example Ny = 2, choose {B1, B2, Bs} as the basis:

B4 1 1 —1 BIO 0 —1 1

Bs 1 1 -1 B 0 1 -1

Be 11 0 B Bis 0 0 0 B
= X Bg s = X BQ

B; 01 1 P Bis 1 2 1 pe

Bs 0 0 2 3 Bis 2 2 0 3

By 2 2 -2 Bis 4 4 -4
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Results and Summary

Oo(p®

) 6-pt P-even operators

Operator Basis

Amplitude Basis

Ou1 = (VAV Wi gu,)

Bar = Y o tr[1234]56].

2 = (VAU TPuug,)

By — Y o t[1234[56)

Oaz = (VEV uPu,uu,) (uyup)
Ot = (VHuu ¥ o) )
O = (VEuuluug)(V isip)
VIV P ) )
(VU U ) (e
(Viu uPuV ) )
(VU uu™ ) (i)
(VAT U070
= (VR ) )
= (VRuur ) )
= (W) (V, Vo)
= (VA Vg ()

Bus = Y o tr[1234156]s12515 516534
Bua = Y o tr[1234]56)s13515 526834
Bis = Y o tr[1234]56]s75 506534

Bug = ¥ o te[1234[56]s 12514515836

Vo tr[1234]56)5% 525536
o tf1234[56szsissisas
By = Vo tr[1234[56]s12515523546
Bag = o tr{1234]56]s% 25516
Bsa = Y o r[1234]56]s15525 535846
Byy=Yo LI[I2M|55|3|13|3.‘9143§5

Or = (VH9*uru

Yo u[123)4

(V) g 1)
= (V) (V gy
= (VY0 i)
= (VU ) (Vi)
= (VAV u ) (uupug)
(VY ) ()
= (VAU V) (i)
(Vi uPr, ) (V0110
= (VP (1,0, (i)

Byg = o tr{123/456]

Big = Vo tr(123]456)s12814520835
Bgo = Y o tr[123]456)53 526535
By = Y o tr[123]456]s12814 525836
Bgz = Y o tr[123]456]s3 4525536
Bey =Y o u[123)456]s 12513515506
Boy = Y o te[123]456]s 12815523546
Bos = Y o tr[123)456]s 12513525506
Bos =Y o tr{123)456]s13514525546
Bz = Y o tr{12]34]56]:

= (VR V) (010, 1t

Bgs = Y o tr[12[34]56]s1251452555

= (T )

A e

— (VEV upu?) )
VR u VU ) (i)

Bro = Yotr|12
Vo u[12[34]56]:

(VEu"V ) (uug) ()
(VT uP,) (7))
014 = (VFuul) (V,u® ) (upug)

Vo tr[1234[56]s 12515526831
Bry = Y o t[12[34156]s12814515836
Byy = Y o tr{12[34[56]s1351452553

AR

076 = (V"u"u")(V,u"u,) (uyug)

Vo tr[12[34[56]s12515516534

By = o tr[1234]56]s13515504556

SU(N;) | Operator Basis Amplitude Basis
— (VA w T, upg) = o 123456 s13314515926
Oy = (VEV w ul uyuugug) | By =Y o tr{123456)s19814516525
= (VY uPu uugp) Yo tr[123156)
Oy = (V*u*VPuT u,u,upus) © tr[123456]s13514525526 SUWNy)
SU(2)| 05 = (VAu VPuT wupuug) o U[123156]s1as15524526
Op = (VFu*VPuTupuyuguy) © Lr[123456]s1 4816523825
O7 = (VAU Vuluu,upug)
Os = (VAU VP uuyugup)
O = (VAU Vulu uguyitg)
O — (VA V uPu ugu ) = Vo tr[123456]s14s15916525
Ot = (VHV uPu wuguug) | Bu = Yo tr[123456)s1315516524
(VAU VPuT u iy, 3456]315 516520524
(VAU VPuTu,u uquy) 23156]s13516524525
(VAU TPuT sy ug) 23456]s14515520525
VAV P gy ,) Vo ur[123456]s10s15816851
(VEuuPuV ) Vo tr{123456s15516521531
(VAU uuugu ) Vo 123456l 2816525554
(VU gy ) Vo tr(123456]s1251552551 SU(1)
Ot = (VFuww Vo uguug) | Bio = Vo tr[123456)s 15526834
O = (Viuuu®ug Vyuyuy) | Bao = Vo tr(123456)s% 5506534
Ot = (VFu'V P u upug,) | Bay = Yo tr[123456s10816524505
On = (VW uV,utuusuy) | By = Yo tr[123456]s13s14806505
(Vi uPu? Vi ugu,) | Bag = Vo tr123456]53 526535
(VI Ul uups) | Bar = Yo tr[123456]s1251451553
sU@M) (ViU u Vi upug) | Bas = Yo tr[123456]s1a515504506
(ViurulV,u”u,upng) | Bag = Y o tr[123456]s13514505536
(VAU Y i ugu,)
(VA w0, 1)
VAV wuguyuyu®ug) | By = Vo tr[123456]s12513514556
Ox — (VAT uu Buo — Vo te[1204]
Oyy = (VFu’ VPu? By =
VAV U u Y upus) | Baa = Y o te[1234]56),
TP = Yo tr1234]56]:
(Viu* Voucs ( a4 = Vo tr[1234]56];
(V4,0 g (,10p) | Bas = B 0 tr[1234]56] 512515526504 su
(VU ) ) 34156]s 12515524536 e
Oz = (VAU V% u,) (g | Bar = V0 tr[1234156] 1351592453
O = (VFuVuPuu, ) (uyu,) | By = Y o tr[1234|56]s19514525 536
Oso = (VHuufVu”u,) (utie) | Bao = ¥ o tr1234[56]s1s14525856 - -
V“V"n’u:u"uf) (u%uy) Bm = YoulizMlstlsiasasusss] | 2 96
o (EEEER) ChPT Basi

[




O(p®) 6-pt P-odd operators

SU(N;)_|Operator Basis Amplitude Basis
sU(@) |0 = (Vi oy | B =Y 0 tll28456]s12513¢(2, 4,5,
£ O3 = (VHurVouu, gy | By = Y 0 tr[123456)s14599¢(1,2, 5,6
Oy = (VAV WP 0,0 eporn | Ba = Y 0 tr[123456]s13515¢(1, 2, 4, 6)
i = (VAV U wu, " oy | By = Y 0 t[123456]s13514¢(1, 2, 5,6
O5 = (VEV wPu,uuhu, u ) gy | By =V 0 tr{123456]s12515¢(1, 3,4, 6)
O = (VAV U U u” u, 0" ) Cpomp B = Y o tr[123456]s19814¢(1, 3, 5, 6)
Or = (VFUPu V" o 123456]s13524¢(1, 3, 5,6
Os = (VAV 0 U, 1,00 w0 pop 123456]s12813¢(1, 4, 5,6
Oy = (VAU V0P u” w0, o 123456]s12815¢(2, 3, 4,6
1o = (VFu u V" whi, i) oo 12345 (2,3,4,6)
sU@) | On = (T V,uru ) o 123456]s12514¢(2, 3, 5, 6)
Ory = (VRu UV uu, i) g 123456)s13814¢(2, 3, 5, 6)
Va7 ity 0 gy 123456)s%,¢(2, 3, 5, 6)
1 = (VAU w0V, 0w oy 123456)s75¢(2, 4,5, 6)
15 = (VRu'V P u Wi g 123456]s7,¢(3, 4, 5, 6)
VI U U, 0,0 ) gy [ 123456]s14315¢(1, 2,3, 6)
VEuPV uou, ) (U, 1) o 1234 1,2,4,6)
5 = (VAV 0,000 (1,1 porgp or[1234]5 (1,3,4,6)
Orp = (VFu"V ,uPuu") (u, 0 g 12345 2,3,4,6)
ViV ) () o 1234]56] (2,3,4,6)
VGG (TR T 1234]56]s14515¢(1, 2, 3,6)
VUV uo w0, ) (0, 1) o or(1234]5 56(1,2,3,6)
VIV U U, ) () o 12345 (1,2,4,6)
Y uru 7 ) (1) gy 0r[1234]56]s13525¢(1, 3,4, 6)
Vruru u”V ) (u, 1) o 12345 1,3,4,6)
Vru o V) () oy 1234]56]s14515¢(2, 3,4, 6)
SU(4) WV uPu® V) (u, 1) o 12345 (2,3,4,6)
Vruruu? V) (00,1 o 123/45 (1,3,4,6)
VEV U0, ) (07U o 123]456 (1,4,5,6)
Vi uu”V ) (1,00 o 123]456]53,¢(2, 3,5, 6)
VUV P, ) (470 o 123]456]s12515¢(2, 4, 5,6)
032 = (Vi V,‘u.,uf’)(u”u"ﬂﬂ)r,,,,,,\ 123]456]s3,¢(3, 4, 5, 6)
5 = (VAU uP V) (") (1,0 ) g 12]34]56] (2,3,4,6)
SUN, >5)| 0% NG ATaTETO TR er(123[456]s14515¢(1, 2, 3, 6)
12| O = (VR V) () (1,0 o 12[3456]s1355¢(1, 2,4, 6)
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Results and Summary

Conclusion

o Features of our algorithm:
@ Monomial operators basis (consistent with Hilbert Series counting);

@ Parity-odd amplitude/operator basis;

© Gram determinant considered;

@ Cayley-Hamilton theorem considered (finite Ny);

© Capable of deriving linear relations among the operators.

o Easy to add external sources:

EWChEFT (NLO, NNLO) (Sun, MLX, Yu, 22'&23').

Classes Nope Nierm Noperator
UhD* 34+6+0+0 15 15
X2Uh | 6444040 10 10
XUD? | 246+0+0 8 8
X3 4+2+0+0 6 6
YRURD | 4484040 | 13(16) 1302 (16n,2)
$2AURD? | 64+10+0+0 | 60(80) 60ny2  (80ny2)
GURX | T+7+0+0 | 22(28) 2n2 (28n,2)
P 12424+ 448 | 117(160) Ing2(31 — 6ny + 33507 (ng2(0 — 2nf + 125n,?))
ont_ 3?30 (304 133n,% — 2n,% — 2% + 125mt
Total 123 261(313) | ? T ¢ T &
Nopersrs(y = 1) = 224(295), Noporass(ny =3) = 7704(11307)
Thank you for your attention!
= ChPT Basis April 21, 2024
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Results and Summary

Gram Det Makes a Difference

ONLY at O(p'®) or beyond (# independent trace orbits):

Trace Class | (6) | (4]2) | (3]3) | (2]2]2)
General D | 112 91 43 25
D=4 111 90 42 24
(8) | (6]2) | (513) | (4[4) [ (4]2[2) [ (3]3]2) | (2]2[22)
General D | 435 | 320 226 129 149 117 26
D=4 427 | 314 222 126 146 115 25
(10) (8[2) (713) (6]4) (5]5) (6[2]2)
General D 105 74 45 50 29 37
D=4 99 71 43 47 27 35
(5[3]2) | (4]4]2) | (4]313) | (4]2[2]2) | (3[3]2[2) | (2]2[2[2]2)
General D 35 30 21 18 18 7
D=4 35 28 20 17 17 6

Ming-Lei Xiao (EiBBE) ChPT Basis

April 21, 2024
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