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Massless Amplitude Basis



- Effective field theory (EFT) has wide application in physics

High energy physics Lower energy QCD
Condense mater

- Effective field theory is especially useful in new physics search

Electroweak precision Dark matter Lower energy EFT in
measurement search flavor physics

- Null signals of new physics in experiments indicate that new
physics scale may be very high

EFTs become important to

probe new physics!!!




~ Effective field theory

Wilson coefficients -
A EFT — < renormalizable + Z ree o

Scale

A complete set of
EFT bases

l

All lower energy eftects
of any UV theory

- Difficulties in constructing a complete set of operator bases

Eliminate redundancy
from the constraints:

Unsolved problem in

traditional field theory!!!

- Recent progress: Hilbert series technique

Only count the number of bases!!!

How to solve it?
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Equation of motion (EOM) Integration by part (IBP)

2, 84, 30, 993, 560, 15456, 11962, 261485, ...: Higher dimension operators in the
SM EFT

Brian Henning (Yale U.), Xiaochuan Lu (UC, Davis), Tom Melia (UC, Berkeley and LBNL, Berkeley), Hitoshi
Murayama (UC, Berkeley and LBNL, Berkeley and Tokyo U., IPMU) (Dec 10, 2015)

Published in: JHEP 08 (2017) 016, JHEP 09 (2019) 019 (erratum) - e-Print: 1512.03433 [hep-ph]

Low-derivative operators of the Standard Model effective field theory via Hilbert
series methods

Landon Lehman (Notre Dame U.), Adam Martin (Notre Dame U.) (Oct 1, 2015)
Published in: JHEP 02 (2016) 081 - e-Print: 1510.00372 [hep-ph]



- Efficient in massless EFT calculations

~ Construct scalar EFT through soft limit
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Vij=0

C. Cheung and C. H. Shen, Phys. Rev. Lett. 115, no.
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- Massive spinor and its little group (LG) SU(2),

Massi . } .
moransésr::[/uem (p’i)da — (pi)ﬂ(au)da — |ZI](54<ZI|O¢

Quantum number SUQ2), ® SU2),  SU(2),

Notrivial EOM [AVEERAVS i1, = (1,2,2)] i)y = (2.1,2)

- For massless spinor, its little group is U(1); SO@3.1) Lorentz

1= 711 1)) = €“1))
- Minimal Lorentz scalar: spinor product
i) = P14l (@) = el 5157

- On-shell scattering amplitudes are the functions of spinor products

M, = A 7], <ij))

E. Witten, Commun. Math. Phys. 252, 189 (2004) N. Arkani-Hamed, T. C. Huang and Y. t. Huang,
doi:10.1007 /s00220-004-1187-3 [hep-th/0312171]. arXiv:1709.04891 [hep-th].



- Efficient in constructing EFT operator bases of massless fields

T. Ma, J. Shu and M. L. Xiao, [arXiv:1902.06752 [hep-

ph]].

H. Elvang, D. Z. Freedman and M. Kiermaier,
JHEP 1011, 016 (2010) doi:10.1007/JHEP11(2010)016
[arXiv:1003.5018 [hep-th]].

Y. Shadmi and Y. Weiss, arXiv:1809.09644 [hep-ph].

Operator base Unfactorizable _, B Polynomial of
amplitude base * TR spinor products

- Massless amplitude base is free of EOMs automatically

plpl=0. plp)=0

- IBP redundancy can be systematically removed by U(N) o> N ,U(1);

MMomentum conservation B. Henning and T. Melia, Phys. Rev. D 100,
no.1, 016015 (2019) doi:10.1103/PhysRevD.100.016015

[arXiv:1902.06754 [hep-ph]].

- The amplitude bases are the basis Of 5. Hemning and T. Melia, [arXiv:1902.06747 [hep-th]].
some special U(N) representations

@d24

H. L. Li, Z. Ren, J. Shu, M. L. Xiao, J. H. Yu and
Y. H. Zheng, [arXiv:2005.00008 [hep-ph]].

- It be constructed by the computer programs
(Field theory can not do it!!!)



Standard Model Effective Field Theory from On-shell Amplitudes
Teng Ma, Jing Shu, Ming-Lei Xiao
arXiv:1902.06752 [hep-ph].

- Basic structure of massless amplitudes

‘ B s | Gauee
M{p;, ;1) =f(‘l]9 | l>)g(Sij)T{a} " | 'structure
Massless LG kﬁ N Massless LG
charged neutral

- An amplitude basis just corresponds to the leading interaction of an

operator
F,., — 0,A,—0,A, D, — 0,

- The complete amplitude bases of a scattering process can be
obtained by finding all its independent unfactorizable amplitudes
allowed by LG, gauge symmetry, and spin statistic

ABC A C
M(GATGPTGCT) = [12][23][31] f45C [P GGG

Three gluons > .
B C—\ ABC AA B ~C
M(GA~GB~GY~) = (12)(23)(31) fABC f G4,G..GY,
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~ Recent progress: Hilbert series technique.

10000000000 - 1
7557 369962
1000000000 - 1
100000 000
10000000 - -
2 0241 gz S474170 The number
o 1000000 -7
=
: IS HUGE
© 100000 |- —
Q_ L] o
g with big
=
= 10000 |- | . ’
: mass dim!
Z 1000 - ]
100 - i
10 12
1 2 1
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Brian Henning (Yale U.), Xiaochuan Lu (UC, Davis), Tom Melia (UC, Berkeley and LBNL, Berkeley), Hitoshi
Murayama (UC, Berkeley and LBNL, Berkeley and Tokyo U., IPMU) (Dec 10, 2015)

Published in: JHEP 08 (2017) 016, JHEP 09 (2019) 019 (erratum) - e-Print: 1512.03433 [hep-ph]

Low-derivative operators of the Standard Model effective field theory via Hilbert
series methods

H OW to Syste m ati C ge n e rate Landon Lehman (Notre Dame U.), Adam Martin (Notre Dame U.) (Oct 1, 2015)
o . Published in: JHEP 02 (2016) 081 - e-Print: 1510.00372 [hep-ph]
the independent basis!?




- Systematically construct the complete amplitude bases of N external
massless particles without IBP via U(N) symmetry

Quantum number under 5\(11 = |k|=(1,2,N)
SUQ2 SUQ2 U(N _

- A Semi-standard YoungTableau (SSYT) of a U(N) representation is a
polynomial of spinors

B. Henning and T. Melia, Phys. Rev. D 100,

i 1 Boa (Xi NG  XJ i\ _ [:. mol, 016015 (2019) doi:10.1103/PhysRevD.100.016015
R = 56 ()‘d)‘B - )‘a)‘g‘) = [ij] arXiv:1902.06754 [hep-ph]].
T J . B. Henning and T. Melia, [arXiv:1902.06747 [hep-th]].

-

QL |7 _ (GJ 1--BN=2 L anti-sym in kl..kN_g) GBO‘)\' ).
13 (N —2)! aigf

<,I:j>€’ijk1...kN_2

Two white boxes in a column correspond to a square spinor product

(N — 2) blue boxes in a column correspond to a angle spinor product

11



- N-point amplitude bases of massless fields correspond to the bases of
the following types of U(/N) representations, i.e. SSYTs

| =S

Holomorphic bases with

n right-handed spinors Holomorphic bases with

7i left-handed spinors Non-holomorphic bases

with 7 right-handed spinor
and 71 left-handed spinors

12



© The amplitude bases contain 7 right-handed spinors and 7 left-handed

spinors
The white and blue box column number is n/2 and 7/2

o Examples: N =4 case:

Y1RV2RVARVAR - (n’ n) — (4’0) White column numberis: n/2 = 2

1|3 112 =113][24] + [14][23]
24 3|4

Wi Wor W31 War, - (n,n) = (0,4) Blue column numberis: 71/2 = 2

Blue column 1] 3 1] 2 — <13><24> -+ <14><23>

length: N—2=2 21 4 31 4

Wi W pWarWar - (M, n) = (2,2) Blue and white column: n/2 = 1;7i/2 = 1

11
2| 2

= (34)[12]

13



Massive Amplitude Basis



- EFT of massive fields has wide application in particle physics

Higgs EFT D SMEFT D SM Lower energy QCD
Dark matter EFT Lower energy EFT

- Massless EFT is not concise in describing physics at EWSB

al Seven massive amplitudes bases

(we,)” | HI>"

Bl (nfinite massless operator bases

G. Durieux, T. Kitahara, Y. Shadmi and Y. Weiss,

W+ -—Ww- - Z
Three massive
gauge bosons

- Massive fields amplltude base construction P 1339 11(%%1([2;102@}1% i:10.1007/JHEPO1(2020)119
€ep-p

IS very challenge Y ot and ¥ W D 12, 175 (020

doi:10. 1007/JHEP12(2020)175 [arXiv:2008.09652 [hep-

ph]].
Redundancy:  [=eliEllelgNeifagle]i[e]a Integration Dy part R e .

plp'l=m|p') How to solve it?




- The scattering amplitude can be factorized in two parts:

M massive Z ‘Q[{a} <{€ }) G{d} ( |]] |]> pi)

1L massless 1) Massive LG Massless LG
charged charged
© Massive LG tensor structure (MLGTS) ﬂl({e }) is required to be the

holomorphic function of | i']s
(EOM |i'y = p;|i'l/m;)

Linear in massive _aid Ios.} B
polarization tensor €si = mdll’ ) |Z]Oégsz € (2s;+ L2s;+ 1) = SU2); ® SU2),

Qf’({esi}) can not be EOM and IBP redundant!

© Massive LG neutral structure (MLGNS) G(|/j], |j),p;) is the
function of massless spinors |j], | j) and massive momentum p;

G(|jl,|j),p;) can be both EOM and IBP redundant!




M massive %I — 2 *Qiid} ({esi}) Gl ( it |j>api)

7l massless
{a}

Constructing on-shell operator basis for all masses and spins
Zi-Yu Dong, Teng Ma, Jing Shu
arXiv:2103.15837 [hep-ph].

- The general framework to construct a complete set of massive
amplitude bases

SU(2), Young tabular U(N) Young tabular

A complete set of A complete set of
ﬂl({esi}) bases G(|jl, |j),p;) bases

A complete set of
/%ém bases

17




o MLGTS basis @7]({65,.}) is the linear function of polarization tensor €

S 1125, } : : 2s. + 1 >
— ‘Z]{l ...,|Z]d223i ~ 7 |- Z'r (Sz_l_ )SU( )r

~ ) Rep of €Si
(QSi)

- Any MLGTS basis belongs to the out product of all €,'s SUQ2), Reps

SU(2), Rep of €

ddehcen -, = HHHe. ..
(25;) | |

- A complete set of {7} bases can be constructed by finding all the
SU(2), irreducible representations from the out product of all €s,.’3

SUQ2), Reps

18



For example: wy'Zh

SU(2), Reps of polarization

tensors for external legs

Al (Hes,)) C© [1]x[2]x[3][3]x »

= D D (12|33

- The MLGTS can be read from above SSYTs. For the first one
SSYT

ot
DO

A[IQ,z] = = (\1I]d|2J]B|3K1]%|3K2]¢2 + perms in SU(2), indices)

— [1131K1)[273Kz21,

19



© MLGNS G(|/jl, |j),p;) is the function of massless spinors |j], | j)
and massive momentum p;,

© MLGNS G(|jl, |j), p;) bases suffer from EOM and IBP redundancy

- EOM redundancy can be removed by first constructing G(|j]1, |j),p;)
massless limit bases

Construct q a1 _ N
Piga = lilalila = G120 p:) = 9 = G 17), lilil)

© IBP redundancy can be removed by U(N) symmetry

/ . Original
Special |#|:> massless limits E,éM | massive
representation

20



- The general framework to construct a complete set of massive
amplitude bases

SU(2), Young tabular

U(N) Young tabular

A completeéet of massless
g(171, 1), p;) bases

A complete set of f il (tla = Pisca
@7]({651.}) bases A complete set of G(|jl, |j),p;)

bases

Contraction [

'.’-V |
"' "‘

A complete set of
/%ém bases

The amplitude bases constructed by this procedure are

independent without any redundancy !!




> Example W — W~ — Z amplitude bases

I
MLGTS  Aray (e, )T [11]x[2[2]x[3]3
(a2 [x]al2T2] L [1]1]2]8] . [1]1]3]3
=33 BEET T T2
@§1223@§1233@112233

Als 31 © Afa,21 © Afa,2)2) © Al 2
I I I
DA(5,1)1) © Ajs.1)2) D Ag

> Total seven Wt — W~ — Z amplitude bases

Reason: Not valid
Ay G =1 Not valid

5 Blue column length: |1 | 2
Ay pras © Gyly = [1]2]3 N-2=1

Al 0 Gy = [111]2]2]3]3

3
Trivial kinetic
2 2

2pi - pj = (€ijpme)”® —m; — m;

Aly - Gl = [1]1]1]2]2]2]3]3]3

G. Durieux, T. Kitahara, Y. Shadmi and Y. Weis-
s, JHEP 01, 119 (2020) doi:10.1007/JHEP01(2020)119
[arXiv:1909.10551 [hep-ph]].

22



- Massive EFT operators construction can be automatically done by
computer programs: https://github.com/hamiguazzz/Massive

Z.-Y. Dong, T. Ma, J.Shu, and Z.-Z. Zhou, The New Formulation of Higgs Effective
Field Theory, (2022), arXiv:2211.16515 [hep-ph].

A.91 Type: ZZZZ
A.91.1 Dimension = 4, O} A.86 Type: ZZyty~
A.86.1 Dimension = 6, (’)(15

Type: ZZZZ d=4 O

Type: ZZyTy~ d=6 O}

Z,2,7Z,%, Tr (c"5”) Tr (6”5)

Z uZU’Y;a'Yg_T Tr (a“a&a” 6”")

A.91.2 Dimension = 6, O}~
A.86.2 Dimension = 8, (’)§~4

Type: ZZZZ d=6 O

Type: ZZyty~ d=8 O™

2,2, 73,28, Tx (0" 575+

Z o Z Sy T (59"55T) Tr (G‘“’JC")

2,252, 2} Tx (apa“"a”aﬁf)

Z,/_pZU'yg'T (Dtﬁc_n) Tr (UUUC"U””6“6§T)

ZinZ s Bl Tr (050" 07757 2,2}, (Dig; ) 1y Tr (600 ) T (57757

D,Z.) Z. (D,Z:) Z T_r(a"a“aﬁa”) Tr (6% 0”
( © P) a( v 5) T ( ) Zp (DuZa)’Yg; (DM,YC—”)Tr(aPau&vaCnao5€r)

23


https://github.com/hamiguazzz/Massive

- Map SMEFT bases to HEFT bases

i : S$13 $12 — S14 _
SMEFT bases AH'H{HH]) O chunp T 0+ Canun— 71 &

112](12)
CG WWhh™ p3

HEFT bases M(WTW™hh) =

Just bold the spinors

A(GTG™hh) =

C+ 2 3C o
(.A(HlHIHzH;r)_|_A(H1HIH;H2)) _ (HTH) (HtH)2 S12

1
2 2 2A?

- - -
 Clmtmye T 3Cutaye s12 | Sty ~ SCuimy [12](12)
2 2A2 2 A2

An EFT hunter’s guide to two-to-two scattering: HEFT and SMEFT on-shell amplitudes

Hongkai Liu (Technion), Teng Ma (Technion and Barcelona, IFAE and BIST, Barcelona), Yael Shadmi (Technion), Michael
Waterbury (Technion) (Jan 26, 2023)

Published in: JHEP 05 (2023) 241 - e-Print: 2301.11349 [hep-ph]

24



[Z A complete set of amplitude bases can be efficiently constructed by
SU2); x SU(2), x U(N) representations

g The operators beyond dim=6 can be easily formulated by using the on-
shell amplitude methods + the SU(N) Young Tablet.

g Based on our theory, EFT operators of any massless & massive fields
can be automatically constructed by computer programs

[Z Using on-shell method, SMEFT can be easily mapped into HEFT

25



Thanks !!







g The N-point scattering amplitude involving massive fields can be
factorized in two parts

a, =Y ({esi}> G (171,15, p;)

1 Massive LG Massless LG
charged charged

(Z /' bases can be constructed by Lorentz subgroup SU(_2),
representations

g G bases can be constructed by global U(N) representations

M The N-point amplitude bases involving massive fields can be
obtained by contracting <! and G bases

28



- Massive EFT operators construction can be automatically done by
computer programs

4-/ operator bases at dim-4 and 6 4-W operator bases at dim-4

73 Type: ZZ27

73.1 Dimension 4 , O}

65 Type: WTW - W W~

65.1 Dimension 4 , O;™?

Z/.LZVZ,DZG' Tr (0‘#5‘)9) Tr (0‘115-0') (W—)“(W_)V(W_'_)p(W—'_)o- Tr (O.;La.p) Ty (0’”5’0)

73.2 Dimension 6 , O}~ (W), (W), (W) (W), Tr (o#5") Tr (0°57)
2,2}, 25 Z¢ Tr (o#57) Tr (6¥P5°T)
ZpZyZg Z& Tx (6" 07) Tr (0°) Tr (0°7)
ZyZo Ze Zy Tr (0" 0?7 ) Tr (0°67)

uv < po

Zy,ZoZe (D Zy) Tr (6% 07°0%) Tr (0767)

29



- The {& . G} bases can not be directly mapped into operator bases
due to their dimension mismatch

For example: 4-pt yy» @, ¢, has two dim-5 operator bases
dim-5 = {[1/27],(1727)}

Since the polarization tensors of {<f . G} bases are holomorphic functions of |i'],
{f . G} can not contain the bases with | i’)s in polarization tensors

mo[1727]  [13227]  [17422/]

n niyniy niniy

Combination

In\ _
SENal (12) =
{<f .G} can not directly contain two polarization tensors of massive gauge boson

Fro=1001R Fo=mA, =ity |i%  Fg=1i"1i%

© The key problem: spinor | i]) In polarization tensor is expressed by
p; | i'lin {< .G} that makes their dimension higher

30



We should find a complete set of lowest dimensional amplitude
bases that can directly map into physical operators

Lowest dimensional amplitude bases means that their dimension
can not be reduced further by EOM p. | i']/m; = |i')

Constructing Generic Effective Field Theory for All Masses and Spins
Zi-Yu Dong, Teng Ma, Jing Shu, Yu-Hui Zheng
arXiv:2202.08350 [hep-ph].

Step one: construct a redundant and complete set of amplitude
bases { € . F'} that can always contain a complete set of lowest

dimensional amplitude bases

Step two: decompose this redundant{ 6 . F'} bases into {</ . G}
bases from low to high dimension and remove the linear correlation

bases
(€. F)m— .G
31

Linear correlation

{ @ physical }




- {f .G} bases are complicated and long polynomials of spinor
products due to horizontal permutations in their SSYTs

© For decomposition convenience, monomial bases {98 . H} can be
constructed from {&/ . G} SSYTs without horizontal permutations

(G} A} o { H}, { B)

Equivalent

© The simplified bases { % . H} are just monomials of spinor products
For example: y s, ¢, dim-7 { B . H}
{H} SSYT by 180

1H]) (%]

Define Lorentz indices

contraction convention § |
permutations 1 2 | 3 Q|1 ‘ 2 o mrmeraii
A o 1',2'represent { A}

= Q3912H,1351, o LRI =(23912235)
32

Without horizontal




© Any polynomials of spinor product can be decomposed into {9 . H}
basis space systematically

Dim-D
polynomial

1B . H} bases do not contain momentum g o
P, factors and Mandelstam s, i Y Replace all p,

ey [ Consistent with

Their coordinates in {9 . H} space SSVT
can be obtained and independence
can be determined Yes Rearrange

indices in order il
1,..1

o

33



How to systematically construct redundant {6 . F'} bases that contain
a complete set of lowest dimensional amplitude bases???

- All the possible amplitude bases can be classified by a set of
massive polarization tensor configurations { . ..
Polarization tensor Different value of /;

25—, :
of massive particle-i ( I)) ( | ll]) S 0</ . represent different
> T = L= polarization tensor

with spin-S;

configuration

© A complete set of bases {& . F}!>k-l+1:1 with one kind of

L . . L
polarization tensor configuration { . . ., €g s Eg s } can be
l

constructed by SU(2), X U(N) SSYTs

{6 . F'} bases consist of all sets with different polarization
configurations {& . F}U- bl 0 <[ < 2s,,

., 0025 ...

€ .F = Z {{cg.F}{...,l,-,lj,...}}

(onlinly )
34



Decompose the over redundant {6 . F'}
bases into { % . H} from low to high
dimension

Remove all the linear correlation
bases

The complete set of lowest
dimensional bases can be
obtained

35

Replace p_1

Replace
<23>[23]

Adjust as
Pl




©  For example: yy»¢ ¢, bases at dim-5, 6, 7

Construct { % . H} bases at dim-5, 7

_ 2| 1[2]3] [1]2]4] [1]2]2
{'%.H}D_5:< 1/ >:{[12]} {@.H}DZ?Z{ 4 2/ 1/ , 3 2/ 1/ , 3 4 1/ ,

1134 132/}

N}

2121 > [2]14]|T
= {m2[132), ma[142), s94(12], [1432], 534[12]}

Construct { € . F'} bases at dim-5, 6, 7
.{%.F}goooy {%.F}%IOO’ {%.F}gloo,{%.F}éOOO{%,F}-QOOO

Remove all the linear Lowest dimension

correlation bases bases at dim-5, 6, 7

{C-F}y B {[12],(12)},

{C - I} 7 semmemmsucnssnmmmmsemerectliy { 504[12], 534[12], 534(12), (1342)}




g A set of {6 . F'} bases that can always contain a complete set of

lowest dimensional amplitude bases can be constructed by
SU(2), X U(N) representations

g The lowest dimensional amplitude bases can be obtained by
decomposing {6 . F'} into the independent {4 . H} bases

g The lowest dimensional amplitude bases can be directly mapped
into EFT operators

[ZBased on this method, different types of EFT involving massive fields
can be constructed by computer programs, like DM EFT, HEFT

37



- For nidentical bosons (fermions), the amplitude bases should be
totally (ant-) symmetric under these bosons permutation

- For example

<O/

<o

For three identical bosons, the amplitude bases should be In 1[2]3

representation of permutation symmetry S5

First, find [112]3] representation matrix in the space of amplitude

bases { O}

)’.’123{0} — Ml

2

3

Young operator

10}

Representation

Find “ L1213} eigenvectors with non-zero eigenvalues and these

2

3

eigenvectors are the amplitude bases in L

38

representation



| owest dimensional
massive amplitude basis



- IBP redundancy can be removed by U(N) > ®X,U(1); symmetry

FOPENAD = [Tun © gow))

BLE )
BE

- The amplitude basis is the basis of the first U(N) representation

IBP rndant

Same asv SU(2),Y

- The computer programs can construct massless basis based on it

40



~ Null new physics signals at the detections on ground

precision
measurement

A > O(1)TeV el

08 = exp — 8sM < @d24
- Dark matter detections

Opm ~ eedpyPpm
(G .F)th ) =g |ith].| ifzsi—l,-]) . F(| ilzs,-—l,-+1>...|iIZsl-}),pi, 171 |7)
~ Higher spin particles

O ~ (Dﬂle)yﬂzyﬂsep SEs

41



- Basic structure of massless amplitudes

%({pia hz}) =f( ‘ l], ‘ i))g(sl.j)T{a}A/v

Massless LG
charged

s

T. Ma, J. Shu and M. L. Xiao, [arXiv:1902.06752 [hep-

Gauge

structure

N Massless LG
neutral

- An amplitude basis just corresponds to
the leading interaction of a operator

- IBP redundancy can be systematical

Quantum number under SU2). ® U(N)

N = |k]= (2,N)

Quantum number under SU2), ® U(N)

S\kd — |]€>: (23N)

42

!

y removed by U(~N) > o, U(1);

A~ . A~ ~  * A~ .

= (N M. — )\ ML) = [ig]

j % TR
k1
: (eij""l“"“’N—2 + anti-sym in kl..kN_g)
= Aia ;B
(N —2)!
o]
ijki. k-2

= (ij)e



- Massless amplitude basis is fail at EWSB phase

G. Durieux, T. Kitahara, Y. Shadmi and Y. Weiss,
JHEP 01, 119 (2020) doi:10.1007/JHEP01(2020)119
[arXiv:1909.10551 [hep-ph]].

G. Durieux, T. Kitahara, C. S. Machado,
Y. Shadmi and Y. Weiss, JHEP 12, 175 (2020)
doi:10.1007/JHEP12(2020)175 [arXiv:2008.09652 [hep-

- Troublesome in calculation at EWSB phase

A. Falkowski, G. Isabella and C. S. Machado,

Ny
et

- Massless EFT is not concise in describing physics at EWSB

Msz;— 0,

Seven massive amplitudes

W+ — W~ - Z
Three massive gauge a \°3 2n
bosons (_WW ) ‘H|

Infinite massless operator bases

- Massive EFT is more useful and convenient at EWSB phase, studying
higher spin parties and DM
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How to systematically construct redundant { € . F'} bases that contain
a complete set of lowest dimensional amplitude bases???

- All the possible amplitude basles can bze cllassified by polarization
tensor configurations { | (il)) i ( | il]) "1 of massive particle-i with

spin-s;, 0 <[ <2s,
© Construct a complete set of bases {& . F} ! !i-4 ) with one kind of

L . . T\ 25— .
polarization tensor configuration ( |i’y)" (|i'])™" " for massive

particle-i with spin-s; by SU(2) X U(N) SSYTs

- [€ .F} bases consistof all {& . F}!~/:b}  0<L<2s.,...

i . Z {{%.F}{...,z,.,zj,...}}

(sl iy
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~ Independence proof:

Case |: two bases with two different Qf’({esi}) bases

Different
QEITEER AL G 1) p) # Ay - GUGL )P A # 2

tensor

Case |l: bases with the same ﬂl({esi}) bases

iIndependent

The amplitude bases constructed by this procedure are
independent without any redundancy !
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- Amplitude structure is determined by little group (LG) and unitarity

© For external massless particle-j with helicity hj , Its amplitude should
take —2h; unit charge of massless LG U(1);

Polarization t
olarization tensor ¢, = ‘j]zhj ( ‘j>_2hj) Takes all the LG U(1), charge

€, expression is
i

unique

Linear function of .o .o
%(_l.]L(l])a-')=ﬂ(€hj9pj9”)

© Massive particle-i with spin s, , the amplitude should be in 2s; indices
symmetric representation of massive LG SU(2), ,i.e. (2s; + 1)
representation of SU(2),

Linear function of .. .. . .
polarization tensor € %{I}([lj]lj, <l]>IJ) — %(Gsi . ‘ ll]<ll‘ )

I

2s;—1;
B - - 1) () e, e

E. Witten, Commun. Math. Phys. 252, 189 (2004) N. Arkani-Hamed, T. C. Huang and Y. t. Huang,

doi:10.1007/s00220-004-1187-3 [hep-th/0312171]. 46 arxiv:1709.04891 [hep-th] .



© IBP redundancy can be removed by U(N) symmetry

Non-holomorphic bases
with 7 right-handed spinor
and 7 left-handed spinors

FD NN} = (Tuvy @ gum))

[II

"\l

Z

| — 5 IBP redundant ~ Y’ p,

- The amplitude bases without IBP are the bases of the first U(N)
representation
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© Two G bases with one massless g are EOM redundant

2 G, 13), po)
'S

EOM p;|i'] = m;li')

(I~ a ¥

— Om?)

© One massless g basis one-to-to corresponds to an independent G basis
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¢

© IBP redundancy can be removed by U(N) symmetry
Holomorphic case

Bases with only n

right-handed spinors

sl (D) = gs02), ® guw) =

Bases with only 71

Same shape /_

n
2

—

®

left-handed spinors

Fantinor ({AD)

=950(2),® Juwy

n
—
A column of white boxes represents the
square spinor product [/]

A column of blue boxes represents the
angle spinor product {ij)

Holomorphic polynomials are

not IBP redundant
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Constructing On-shell Operator Basis
for All Masses and Spins

Teng Ma
(Technion)
Based on:
Arxiv: 2103.15837, 2202.08350

oA

Collaborators: TeCh n |0n

Ziyu Dong, Jing Shu v Israel Institute of
u Technology

50




