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- Efficient in constructing operator basis of massless EFT

H. Elvang, D. Z. Freedman and M. Kiermaier,
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@d24

Unfactorizable
amplitude basis

- Massless amplitude basis is free of EOMs automatically

Operator basis

Null EOM plpl=0, plp)=0

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

4‘\“"“<b|\/|O[’T]e|’]11/”’n 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 ampIItUde baSIS IS the baSIS Of B. Henning and T. Melia, [arXiv:1902.06747 [hep-th]].
some special UWV) representations

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!!!)



- Massive spinor and its LG kS”U(Z)i Quantum number U2, @ SUQ), @ SU)

(Pi)aa = i) (0 aa = i1 lira i1 =(1,2,2) f\z =(2,1,2)

- For massless spinor, its little group is U(1), SO(3,1) Lorentz
1= e 1)) — eYl))

- Spinor product  [ij]"’ = dB‘iI]B‘jJ]d, (i)' = €*P1i1) 5157 ]

E. Witten, Commun. Math. Phys. 252, 189 (2004)

- External massless partiCIG': with he“Clty h doi:10.1007 /s00220-004-1187-3 [hep-th /0312171].

M(e % j1,e%j)) = e—”’@w« 171, 1))

- Massive particle-i with spin S; , the amplitude should be in 2s; indices

symmetric representation of SU/(2); N Areniflamed, 7. C. Huang and Y.t Huan,

: ' T/ ' T/ ' ' I 1] i Ji
Splﬂ 1 M{Il,IQ} ('U]}I/MI ],U]}I/"I/I >,) — wglliw}QléM{ 17 2} (‘Z ], ‘7/ >, .. )
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_ _ T. Ma, J. Shu and M. L. Xiao, [arXiv:1902.06752 [hep-
- Basic structure of massless amplitudes

‘ = 7 Gauge
M({p; b} = (i, | l))g(sl-j)T{a} structure
Massless LG Bﬂ 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 D B s
M(GA~GB~GY~) = (12)(23)(31) fABC f G4,G..GY,
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Systematically construct the complete massless amplitude bases of N

external particles without IBP via U(N) > @)Y ,U(1);

Quantum number under A'& — |k] = (1,2,N)
SU(2)1®SU(2)r® U(N) )\ka — |k> — (2, 1 ,N)

- A polynomial of spinors is a basis of a U(N) representation

B. Henning and 7T. Melia, Phys. Rev. D 100,
_ . L no.l, 016015 (2019) doi:10.1103/PhysRevD.100.016015

X 7’ = 1650‘ ( e — )\ )\’L.) — [z]] [arXiv:1902.06754 [hep-ph]].

- ¥, 21 a3 Q B. Henning and T. Melia, [arXiv:1902.06747 [hep-th]].
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Holomorphic case
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Holomorphic polynomials
are not IBP redundant

A = 9su2), @ guv) =

=950(2),® Juw)

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

Non-holomorphic case

FOM NN} = (Tuvy ® gu))

- The amplitude bases without IBP are the bases of the first
U(N) representation

IBP rendant



- 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 i

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

Ny
et

- Massless EFT is not concise in describing physics at EWSB

Mgy;— 0,

Seven massive amplitudes

W+ — W~ - Z
Three massive gauge a \3 | 172N
bosons (_WW ) ‘H|

Infinite massless operator bases

- Massive EFT is more useful and convenient at EWSB phase, studying
higher spin parties and DM



- The scattering amplitude can be factorized in two parts:

mMmassive Mf{n,n ZA{O‘} {ESz {Oz} (|.7]7 ‘.7>7pz)

1 massless
‘V \A Massless LG

charged

Massive LG
charged

. MLGTS A! is required to be the holomoi’pﬁic function of |¢!]
(EOM [if) = pyli']/m;)
{Il ‘Z]IZS,L}

Linear in massive €s; = ‘ ]al )t A2,
polarisation tensor
€ 2s;+ 125, +1)=SUQR2);, @ SU2),
- MLGNS 'G(\j], 17), pi) is the function of massless spinors 7] or |7)

and massive momentum p;
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- The MLGTS Ag}}(ez) ~ ®;2,€s, can be classified by SU(2),.representation

{a}({es}) n;l v, =- -] D -

A
(28i)

. TheAyscan be completely constructed by finding all the su(2).irreducible
representations from the outer product of all €5,

Take Y2’ Zh as an example ) ~[1] o' ~[2] Z~[3]3] h~e

{a}({ﬁs}) 1| X[|2|X[|3|3|X e

[
DO
DO
Qo
e
o
o
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Al (Hes,)) C© [1]x[2]x[3][3]x »

ek
DO
ek
DO
Qo
ek
o
Qo

]
D
D
D
(-
DO
Qo
o

- The MLGTS can be read from above YDs. For the first one YD

(-
DO

A{Q,Q] = = (|1I]d|2J]B|3K1]%|3K2]¢2 + perms in SU(2), indices)

— [1131K1)[273Kz21],
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. MLGNS G([j],[4),p;) is the function of massless spinors |j] or |j)

and massive momentum p; Number of B o k)
' I."_ - .I
SU(Z)[ S|ng|et = E k=1 nE =—even Number Of”], ]

Massive LG neutral By ni—ni =0 with ¢ =1,...,m

~

P iy~ ny =2y, with j—m+ 1., N

Massless LG

- MLGNS G(\j],lj},p@-) is bothered by EOM and IBP redundancy

Construct q . o - N
massless limits ~ Pi.a¢a =7 )6 (e © G(J],15), i) — g = G(|7],17), |2)(z])

; - = Original
Special |#|:> massless limits

M massive
one to one

representation g ila(tla = Pico {G}
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- One to one map

F'

EOM p;ili'] = m;|i’)

2 ¥
ia G5, 17), p0)

G131, 130 p1) = G(13), 13),ps) = O(m?)

- General shape of (

gAML A) =N—2] - ¥

Un-contracted spinors

L

Equal to its partner A
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~ Independence proof:

Case - Ay, GUjL 1 p) # Ay - GUJL LI p) s A # A
Case Il 'A{A] : (Z Z[n] Gg?] + Z Zi[n/]m?Gg?_]z +---)=0

%
Z Z’i[n’]m?GZ?—,g =0 /
i,m’ |

o Example Wt — W~ — Z amplitude bases
MLGTS .A ({Esz})c

X13]3

1TaT2] (1712131 [1[173]3
5T PRa[3T YR

o 218132121313

2
A[3 3] @ AI42 ] @AI42 ] @A[I(4’2)3]

@A%ﬂg@Agl]@Am

2

D

— | o] |~
DO (RN X
Rl ] b
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(| (DD | = | =




<o/

Examples:
A A{Il I} {J1, T} {K1, K2} |1
[3,3] 12133
Blue column 112
‘ G length: N-2 =1 3

2 2
2sij = 2p; - pj = (€ijkme)” —m; —m;

pd

A DR {EL KR}
[(4,2)1] —13[3

Only valid

+ 2|

L2] = q[1h271] 112351 ][2723"2]

Not vd Gc‘i 0= 1

2

11212 :2:1113K1][1123K2]|2J1]{d|2J2'

la’}
27435427231 4 1)

+ 8[11 35 ][22 352] (1% ] 4 ]272] 4

@ Gd o, = [1[2]5]= <<i1i2>€1i1i2’2]{d’3]d,}—I—<i1i2>62i1i2|3]{d|1]d/}

Hinia)e 2 (1€ 1204D) 6y,
= (2:3,)27137])¢ }+<311J>I311{“I1"]

(172,) |17 %2714
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- Total seven W™ — W~ — Z amplitude bases

A[IS,S] ‘ Gé:() — ]_

3
A[I(4’2)1,2,3] . GELQZ ]. 2 3

.A[I(5’1)1,2] ‘ G££6i4= 11112121313

Al - GE = [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
larXiv:1909.10551 [hep-ph]].



M Propose a method to completely construct massive
amplitude basis

[Z Computer programs can automatically construct it
based on it
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BACK UP
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- 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

20



~ Null new physics signals at the detections on ground

precision
measurement

A > O(1)TeV el

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

Opy ~ €ePpyPpu

- Higher spin particles

O ~ (Dﬂle)yﬂzyﬂsep S
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- Basic structure of massless amplitudes

M py, hiY) = fClil, | )g(s) T

Massless LG
charged

s

- An amplitude basis just corresponds to

the leading interaction of a operator

- IBP redundancy can be systematical

Quantum number under SUQ2), ® U(N)

N = |k]=(2,N)

Quantum number under SU(2), ® U(N)

S\kd — |]€>: (Z,N)

22
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T. Ma, J. Shu and M. L. Xiao, [arXiv:1902.06752 [hep-

Gauge

structure
N Massless LG
neutral

y removed by U(N) > @, 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



- Toy model: a vector-like doublet fermion W -,

Ling = AlL\TJQRALH—I—)\QL\TJQRHﬁL—I—(L — R)—I—hc

- Effective Lagrange

mix —1

eft _Mg_p

5 (AlL)\zLHTALHan M/\lL)\QRHTALHnR)
Positive Negative

- For pure chiral coupling, Higgs quartic is positive.
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