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Package ABC4EFT

M-basis| @ Y-basis: a standard independent basis

—: find unique coordinate
Hmono.
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Package ABC4EFT
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—: find unique coordinate
”mono. M-basis: independent monomial operators
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@ P/F-basis: operator basis with flavor sym.
‘ @ Schur-Weyl dual to flavor irrep.
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-
Package ABC4EFT

M-basis| @ Y-basis: a standard independent basis
—: find unique coordinate

H\mono @ M-basis: independent monomial operators
@ J-basis: eigen-basis of symmetry algebra.
@ P/F-basis: operator basis with flavor sym.

‘ @ Schur-Weyl dual to flavor irrep.
Lo
J-basis w SW

Today’s Focus

(3 Construction and application of generalized partial waves.
O J-basis, selection rules, algebraic phase space integration.
(O Matching with UV resonances: Bottom-up EFT.
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-
Generalization to N — M Scattering

The schematic definition of general partial wave expansion

(out|Tlin) =" >~ / AP AP’ (out|P,J,o)(P,.J,o|T|P", J o' (P', J' o'|in)
Jyo Jo!

= Z a,;EJ(in — 0ut)5(4) (Pout — Pin)
J
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Generalization to N — M Scattering

The schematic definition of general partial wave expansion

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

o

|P, J, o) are Poincaré irreducible states (W* = 1e/P7 P, M,,)
P|P,J,0) = P|P,J,0),  W?P,J,0) = —P%J(J+1)|P,J, o).
N-particle Poincaré Clebsch-Gordan Coefficient (CGC):

(P,J,o]W,..., Ux) =CR70D (P~ py)
i

Example: Two-body CGC (unique solution)

CE]/LT hay ™ [12]J+h1+h2(<1X>J—h1+h2 <2X>J+h1—h2){11,.‘.,121}
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-
Generalization to N — M Scattering

The schematic definition of general partial wave expansion

EJ(in — out) = Z(ouﬂP, J,0)(P, J,olin)

o

|P,J,0) are Poincaré irreducible states (W* = 1e***? P, M,,)
P|P,J,0) = P|P,J,0),  W?|P,J, a> = —P%J(J +1)|P, J,0).
N-particle Poincaré Clebsch-Gordan Coefficient (CGC):
(P, J,o|¥y,..., Uy) =CR70D(P = pi)

Example: Three-body CGC (degenerate)
Clraay* ~ 1A 2
Cloon” ~ [2312x ) (3x "))
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-
Generalization to N — M Scattering

The schematic definition of general partial wave expansion

B’ (in — out) = Z(ouﬂp, J,0)(P, J,olin)

o

|P,J,o) are Poincaré irreducible states (W = 1€e"“*° P, M,,)
P|P,J,0) = P|P, J,0), W2|P, J,0) = —P%J(J +1)|P, J, o).
N-particle Poincaré Clebsch-Gordan Coefficient (CGC):

(P, J,o|Wy,..., 0N) =CH76W (P =Y p)
%

We can formally define the partial wave basis
B’ = 3[C" (out)]*C* (in) = €’ (out) - € (in)

o
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N
Angular Momentum from the Casimir W?

Notice the total angular momentum .J was defined via W?

w2che = /d4P (P, J,o|W2[Uy,..., Uy) =—sJ(J+1)C%°

()
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N
Angular Momentum from the Casimir W?

Notice the total angular momentum .J was defined via W?
W2che = /d4p (P, J, | W2 Ty, .. Un) = — sJ(J +1)CL

Poincaré Algebra for Functions of Spinor Variables

w? = éPQ(Tr[MQ] + Tx[M?)) — iTr[PTMP]\AZf]

M zi(A Y a) M, zi(ﬂ 9 1 8)
af — e =y iBave | aB = -y iBANa
i=1 8)‘5 OA; A=l 8>\f O
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Angular Momentum from the Casimir W?>

Notice the total angular momentum .J was defined via W?
w2che = /d4p (P, J,o|W2[Uy,..., Uy) =—sJ(J+1)C%°

Poincaré Algebra for Functions of Spinor Variables

w? = éPQ(Tr[MQ] + Tx[M?)) — iTr[PTMP]\AZf]

M zi(A Y a) M, zi(ﬂ % 13 a)
af — e =y iBave | aB = -y iBANa
i=1 8)‘116 OA; i=1 6)\? O

Define the action on amplitudes

W2B' (I - T') = (W?CY) -CL, = —s1J(J +1)B (T - T')
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Angular Momentum from the Casimir W?>
Notice the total angular momentum .J was defined via W?

w2che = /d4P (P, J,o|W2[Uy,..., Uy) =—sJ(J+1)C%°

Poincaré Algebra for Functions of Spinor Variables

w? = éPQ(Tr[MQ] + Tx[M?)) — iTr[PTMP]\AZf]

M zi(A Y a) M, zi(ﬂ % 13 a)
af — e =y iBave | aB = -y iBANa
i=1 8)‘116 OA; i=1 6)\? O

Define the action on amplitudes

WEIM(IZ - T') = ZaJ (w2cf) - SIZaJJJ—I—) T -1
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E—
W2 Construction of Partial Waves

inzr= W2[ab[1, 3] ~ab[2, 4] +ab[1, 4] ~ab[2, 3], {1, 2}] // Ampform // Simplify
ouiPl -2y, ((14) (23) -+ (13) (24))

= W2[ab[1, 3]1%ab[2, 4]% +4ab[1, 3] ~ab[2, 4] ~ab[1, 4] ~ab[2, 3] +ab[1, 4]% ab[2, 3]%, {1, 2}] // Ampform //
Simplify
oudl= ~65y, ((14)7 (23)% < 4 (13) (14) (23) (24) « (13)7 (24)%)
1

In[s]= sziagunalize[{»g, -3 »2, »2}; 2, {1, 2}]

outsi= (‘hasis s {ab[1, 2] ab[3, 4]* sb[3, 4], ~ab(1, 3] ab[2, 417 sb[2, 4], ab[1, 3] ab[2, 4] ab[3, 4] sb[3,4]},

1 -6 6
10 2
1 0@ e

j— {2, 1, @}, transfer »

s

3obasis o {65y (13) (24) ~ 6554 (13) (24} + 534 (12) (34), - 2534 {13) (24) + 534 (12) (38), s34 (12} (34)) ‘)

riei- PWExpand[ab[1, 3] ~ab[2, 4] - s[1, 4], 4, {1, 2}]
outel= (‘j 1 12,1, 0], j basis
[6ab[1, 3] ab[2, 4]2sb[2, 4] + 6ab[1, 3] ab[2, 4] ab[3, 4] sb[3, 4] ~ab[1, 2] ab[3, 4]2sb[3, 4],
2ab[1, 3] ab[2,4] ab[3,4] sb[3, 4] -ab[1,2] ab[3,4]2sb(3,4],

1 1
2 s |
ab[1, 2] ab[3, 4] sbB,A]},CDEFF lﬁ,a, EH)
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6/17



-
Inner Products and Phase Space Integrations

Important property of partial wave amplitudes — orthonormality:
’ 47
dQ DL/ A (1) DA (2 — ) =
[ a9 DAos(@)DEsn@ - ) = 57
This is exactly a two-body phase space (PS) integration dLIPS 3 = %dQ.

677" DX an ().
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-
Inner Products and Phase Space Integrations

Important property of partial wave amplitudes — orthonormality:
’ 47
dQ DL/ A (1) DA (2 — ) =
[ a9 DAos(@)DEsn@ - ) = 57
This is exactly a two-body phase space (PS) integration dLIPS 3 = %dQ.

(cloe, ¢l ) = / dLIPS , ¢l (¢ o)

= g2 (J)§7 577 [2111.08019]

677" DX an ().

CGC can be ortho-normalized by g(J) = ml

— —_— !
[duLips ., , By (1,2.2.9) By (2..3.4)=C" (1,2)-(¢” (z.9), €7 (z.9))-C”' (3.4)

=g())677" B’ (1,2,3,4).
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-
Inner Products and Phase Space Integrations

Important property of partial wave amplitudes — orthonormality:
’ 47
dQ DL/ A (1) DA (2 — ) =
[ a9 DAos(@)DEsn@ - ) = 57
This is exactly a two-body phase space (PS) integration dLIPS 3 = %dQ.

(cloe, ¢l ) = / dLIPS , ¢l (¢ o)

= g2 (J)§7 577 [2111.08019]

677" DX an ().

CGC can be ortho-normalized by g(J) = ml

p— —_— 7!
[dLips ., , By (N—2.9) By " (zy—M)=c (¢ (z.y). 7' (z.9))-Cop "

=g(N)877 B (N M).
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-
Inner Products and Phase Space Integrations

Important property of partial wave amplitudes — orthonormality:
’ 47
dQ DL/ A (1) DA (2 — ) =
[ a9 DAos(@)DEsn@ - ) = 57
This is exactly a two-body phase space (PS) integration dLIPS 3 = %dQ.

(cloe, ¢l ') = / dLIps , coe (¢ o)’

677" DX an ().

= g% (J)577" 57 [2111.08019]
Vs
CGC can be ortho-normalized b —
y 9(J) = 22T 1)
deIPS BJac(N_m) Bé ,db (n—M) CJa <Ci°,Ci d> CJ' b

—J,ab

=g(J))677 BT (N M).
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|
J-basis Operators

Definition

J-basis operators correspond to product of gauge and Poincaré partial waves

JR —J y w2B’ = —s J(J + 1)§J
075z ~TR)B (I =T { (CIIT(R) Zg(R)T(R)

When acting on the multi-particle state we have the conservation law

JR J R’ JJ' sRR/
OI—)I’ l‘IjI> ~ 3776
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|
J-basis Operators

Definition

J-basis operators correspond to product of gauge and Poincaré partial waves

O  ~TR)B' (I T

W2B’ = —sJ(J+1)B’
C;T(R) = C(R)T(R)

When acting on the multi-particle state we have the conservation law

JR J R’ JJ' sRR/
OI—)I’|\I/I> ~ 3776 )
= LoadModel ["SMEFT.m"];
nit)- GetJBasisForType [SMEFT, "ac" "L" Q" "uc" "D"%, ({1, 3}, {2, 4}}]
outjd)= (‘basis > {eij \iecp Lri\.:' \"'[DJ Qsaj} (D ucta;\.}-, eid \iecp Qsaj\‘:' ((Dy Ly (D*uc®) ),
ield [;ecp Oy Lrit:‘ HDJ Qsaj} I:D"' ucta} , |, groups » {SU3c, SU2w, Spin}, j-basis
{<l{Lz, uca) » {{0, 1}, {1}, 2], {ecy, Q31 > {{1, @}, {1}, 2} > » {{-6,2, -6}],
<l {Lz, ucg} » {{0, 1}, {1}, 1}, {ecy, Q3} » {{1, @}, {1}, 1} > {{2, 2, -2}},
< {Lz, ueg} » ({0, 11, {1}, @}, {ecy, Q) » {{1, @}, {1}, @} > > {{@, -2,@}}} |}
aE——



|
Relation with “Real” Operators

Example of H4D? operators in SMEFT, for channel H{, Hy — Hl, Hy:
1 3

Symy g+ | P-basis P J-basis R|J
— Qo0 3 -1 -1 -1 (H]H2)D?(H]Hy) 1 0
) o 1 -1 0 (HI+1H2)D?(H} 7" Hy) 3
= Q.n 5 1 1 1 (H]i'D  Ho) (H] D Hy) 1 )
.p 2 1 1 0 (H]ir' D Ho) (it D P Hy) | 3
——



|
Relation with “Real” Operators

Example of H4D? operators in SMEFT, for channel H{, Hy — Hl, Hy:
1 3

Symy g+ | P-basis KCPI J-basis R |J
— Qo0 3 -1 -1 -1 (H]H2)D?(H]Hy) 1 0
) o 1 -1 0 (HI+1H2)D?(H} 7" Hy) 3
= Q0 5 1 11 (H]i'D  Ho) (H] D Hy) 1 )
.p 2 1 1 0 (H]ir' D Ho) (it D P Hy) | 3
— 300,1 _ 00,3 _ 01,1 _ 01,3
Relation of Operators @0
QwD — 00,3 _ Ol,l
%1 =3C,m, 03 = — + Cyup,
Relation of Coefficients o o #D
Cl’lz— gaD_CtpDa 01’32— -
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Vanishing Loops

All-Loop Selection Rule

AN

° ° J/R/ JJ/ RRI
.k LIEESNF

*ooR
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Vanishing Loops

All-Loop Selection Rule

N

° ° J/ R/ JJ/ RR/
L 0)7 R 5T

*ooR

Alfloop(,l/fr’?/}* N V+, Vi) _ Z GJEJ

J>2

A J' > |Ah|
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Vanishing Loops

All-Loop Selection Rule

N

° ° ! ’ ’ ’
A [ ] : o)/ R §JJ SRR

*ooR

Alfloop(,l/ﬂr’?/}* N V+, Vi) _ Z GJEJ

J>2

A J' > |Ah|

B Two identical particles = J’ is even

2n

Abelian: Al“"""(w*,w‘—>V+>V+):Enez azn B

non-Abelian: A'='eoP (gt ym Ve v =3 208" B" tag, 1 fOCT B!
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E—
Calculate Anomalous Dimension Matrix

It is possible to explicitly compute ADM after partial wave expansion
AP =N+ 4+ dli+ R=Y — +O(c
i ilo ; 743 4+ — ¢ + O(€”)

The UV divergence only come from bubble cuts b; ~ deIPSg Air, X Air
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E—
Calculate Anomalous Dimension Matrix

It is possible to explicitly compute ADM after partial wave expansion
AP = NTB T4y el +dli+ R=) — +O(
; ilo ; 743 4+ ; c + O(€”)
The UV divergence only come from bubble cuts b; ~ [ duips, A;;, x Air

bn_sar = / dLIPS, B (N — 2) B (2 — M) = ¢(J))B"*"(N — M)
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E—
Calculate Anomalous Dimension Matrix

It is possible to explicitly compute ADM after partial wave expansion
AP =N+ 4+ dli+ R=Y — +O(c
i ilo ; 743 4+ — ¢ + O(€”)

The UV divergence only come from bubble cuts b; ~ deIPSz Air, X Air

by = /dLIPSQ CZBZ(N — 2) Atree(2 — M) — Yij B](N — M)
— ——

from O; Z] a;B’ to O;
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Calculate Anomalous Dimension Matrix

It is possible to explicitly compute ADM after partial wave expansion
AP =N+ 4+ dli+ R=Y — +O(c
i ilo ; 743 4+ — ¢ + O(€”)

The UV divergence only come from bubble cuts b; ~ deIPSz Air, X Air

by = /dLIPSQ CZBZ(N — 2) Atree(2 — M) — Yij B](N — M)
— ——

from O; Z] a;B’ to O;

i D D (KR asg(N) (K 0
J
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Calculate Anomalous Dimension Matrix

It is possible to explicitly compute ADM after partial wave expansion
AP =N+ 4+ dli+ R=Y — +O(c
i ilo ; 743 4+ — ¢ + O(€”)

The UV divergence only come from bubble cuts b; ~ deIPSz Air, X Air

by = /dLIPSQ CZBZ(N — 2) Atree(2 — M) — Yij B](N — M)
— ——

from O; Z] a;B’ to O;

Yig O Y (KR_5): asg(N(KR_ )7
J

Selection rule for ADM: v =0 when {J} N {J} = 0.
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E—
J-basis from Resonance

JR CDE
@ Top-down: Luv D Vio oo Jiight — Jiight - Jight
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E—
J-basis from Resonance

JR CDE
@ Top-down: Luv D Vio oo Jiight — Jiight - Jight

@ Bottom-up: O/R — \Ilzglzvy exhaust possible resonances without models!
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J-basis from Resonance

JR
e Top-down: Lyv D ¥i.l - Jight

@ Bottom-up: O/R —

v

CDE

— uylight : u71ight

°J—>J

N
ZENS

heavy
Topology j-basis Quantum numbers {./, R, Y} | Model
H Ll By =8B {3,1,0} Type
A
Ay
L H . . "
Bloy " =By 1 385, {1,3,0} Type I
L , H B{JL'A?R f= 2By {0,3, -1} Type Il
>
AS
L a Bl - 28 {0,1,-1} N/A

Ming-Lei Xiao Operator J-Basis

May 10, 2022

exhaust possible resonances without models!
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E—
Multi-Partite Partial Waves

@ Find all tree topologies P = {Z;}.

3
2 4 Ty = {1,2) ~ {3,4,5}
1 T I 5 I, ={1,2,3} ~ {4,5}

[W.%17W122] = O ’ [(CI17CIQ] - O
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E—
Multi-Partite Partial Waves

@ Find all tree topologies P = {Z;}.

3

2 4 Ty = {1,2) ~ {3,4,5}

1 i I 5 I = {1,2,3} ~ {4,5}
[WIQ17W122] = 0 ’ [(CI17CIQ] - O

@ Find the simultaneous eigen-functions for all channels Z;:

W%‘LB;DJ’L}7{R’L} _ _st]'L(Jz + ].)B,{P‘L}’{Rl}’

Multi-partite partial waves describe cascade decay processes in experiments.
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E—
Multi-Partite Partial Waves

@ Find all tree topologies P = {Z;}.
3
2 4 Ty = {1,2) ~ {3,4,5}
VT T, = {1,2,3} ~ {4,5}
[W1217W122] =0, [(CI17CI2] =0
@ Find the simultaneous eigen-functions for all channels Z;:

W%lgéJt}v{Rz} — _sllc]z(c]z 4 1)BI{PJ1}7{R’L}7

Multi-partite partial waves describe cascade decay processes in experiments.

© Obtain the corresponding operators O;{,Ji}’{Ri} ~ B;{;Ji}7{Ri}
Ji,Ri

They are generated after integrating out heavy particles U;
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Bottom-up Approach to Tree-Level UV Origins

Top-down Bottom-up
UV model | Exhaustive Search
Scan over Topologies X v v
UV Lagrangian v v b 4
Matching v v X
Complete UV X v v

o Complete list of Tree-level UV origins with arbitrary spins and gauge irreps.
@ Automatic Code Implementation, applicable to generic EFT.
@ Including non-renormalizable UV couplings (can be excluded if needed).

o Classification: tree v.s. loop origins.
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Summary

We generalized the definition of Partial Waves
o Lorentz covariance
o Arbitrary particle numbers
o Multi-partite

Orthonormal conditions are extended, applied to phase space integration.
Casimir method of getting Poincaré/Guage partial waves
Construction of J-basis operators, selection rules.

Associate to tree-level UV origins: EFT inverse problem!

Outlook: Improve theoretical bounds — unitarity, positivity ...
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Summary

We generalized the definition of Partial Waves
o Lorentz covariance
o Arbitrary particle numbers
o Multi-partite

Orthonormal conditions are extended, applied to phase space integration.
Casimir method of getting Poincaré/Guage partial waves
Construction of J-basis operators, selection rules.

Associate to tree-level UV origins: EFT inverse problem!

Outlook: Improve theoretical bounds — unitarity, positivity ...

Thank you for your attention!
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Backup Slide

@ Amplitude-Operator Correspondence
O~B= [ da00@]Vim)
@ SU(N) Casimir C; = TATA has eigenvalue C»(R)
TA%(LB _ (TA)?W,CB + (TA)Ic):]*caB + Z-fABCc]ZaC

ex. T3~ (I (7))L
@ Higher spin UV couplings

J is conserved with spin J v

Lyy DU/,
uv J J o p with spin < J EOM 7. 7 = o</

ex. V,0rd = 600,
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