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Massless Amplitude Basis



~ Effective field theory
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A complete set of
EFT bases

]
All lower energy eftects
of any UV theory

- Difficulties in constructing a complete set of operator bases

Eliminate redundancy Equation of motion (EOM)
from the constraints:

Unsolved problem in 0
traditional field theory!!!

Integration by part (IBP)

@’ 4+ ...

- EFT Basis number can be counted by Hilbert series technique

Can not construct the bases!!!

How to solve it?
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Hilbert series technique.

No. of independent ops
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How to systematic generate
the independent basis?
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The number
B IS HUGE
with big
| mass dim!
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- Efficient in massless EFT calculations

- Construct scalar EFT with non-trivial soft

limit
An ™ pa

C. Cheung, K. Kampf, J. Novotny and J. Trnka,
Phys. Rev. Lett. 114, no.22, 221602 (2015)
doi:10.1103/PhysRevLett.114.221602  [arXiv:1412.4095
[hep-th]].

C. Cheung, K. Kampf, J. Novotny, C. H. Shen
and J. Trnka, JHEP 02, 020 (2017)
doi:10.1007/JHEP02(2017)020 [arXiv:1611.03137 [hep-
th]].

for p—0

I. Low, Phys. Rev. D 91, no.10, 105017 (2015)
doi:10.1103/PhysRevD.91.105017 [arXiv:1412.2145 [hep-
th]].

I. Low, Phys. Rev. D 91, no.11, 116005 (2015)
doi:10.1103/PhysRevD.91.116005 [arXiv:1412.2146 [hep-

ph]].

Z. Bern, J. Parra-Martinez and E. Sawyer, JHEP 10, 211
(2020) doi:10.1007/JHEP10(2020)211 [arXiv:2005.12917
[hep-ph]].

M. Jiang, T. Ma and J. Shu, [arXiv:2005.10261 [hep-ph]].
J. Elias Miré, J. Ingoldby and M. Riembau, JHEP
09, 163 (2020) doi:10.1007/JHEP09(2020)163
[arXiv:2005.06983 [hep-ph]].

P.  Baratella, C. Fernandez and A. Po-
marol, Nucl. Phys. B 959, 115155  (2020)
do0i:10.1016/j.nuclphysb.2020.115155  [arXiv:2005.07129
[hep-phl].

RG-running

dei(p) _ 1
dlogp Z 1672 19

J

Selection rules

Vij=0

C. Cheung and C. H. Shen, Phys. Rev. Lett. 115, no.
7, 071601 (2015) doi:10.1103/PhysRevLett.115.071601
[arXiv:1505.01844 [hep-ph]].
M. Jiang, J. Shu, M. L. Xiao and Y. H. Zheng,
[arXiv:2001.04481 [hep-ph]].

P
A
trivial soft
behavior .
sGal
.Gal £
P(X) DBl _ forbidden
® °
\WZW
®
NLSM_
0 1 2 3 4

> 0



</

Efficient in constructing EFT operator bases of massless fields

@d24

Operator base

T. Ma, J. Shu and M. L. Xiao, [arXiv:1902.06752 |[hep-
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[arXiv:1003.5018 [hep-th]].

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

Unfactorizable _. M Polynomial of
amplitude base ~ B spinor products

Massless amplitude base is free of EOMs automatically

plpl =

0, plp)=0

IBP redundancy can be systematically removed by U(v) > @ ,U(1);

——sMomentum conservation

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

The amplitude bases are the basis of  [arxiv:1902.06754 [hep-phl).
some special U(N) representations

B. Henning and T. Melia, [arXiv:1902.06747 [hep-th]].

It be constructed by the computer programs

(Field theory can not do it!!!)

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



Massive Amplitude Basis



- Constructing EFT bases of massive fields is still a problem

- EFT of massive fields has wide application in particle physics
Higgs EFT O SMEFT O SM Dark matter EFT Lower energy QCD

- Massive fields amplitude base construction is very challenge

G. Durieux, T. Kitahara, Y. Shadmi and Y. Weis
JHEP 01, 119 (2020) doi:10. 1007/JHEP01(2020)119
X 1909 10551 [hep-ph]].

Redundancy: : el 00 bl Pt i srrsrps e pues s asdeod G, Duricux T. Kitahar C. S. Machado,
Equation of motion Integration by part Y. Shadmi and Y. Weis, JHEP 12, 173 (2020
d 10 1007/JHEP12(2020)175 [arXiv:2008.09652 [hep-

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

P |p1] = m |p1> [arXiv:2011.05339 [hep-ph]].
How to solve it?



- The scattering amplitude can be factorized in two parts:

W= Yoty (16,) 6 (171 17.)
ta) Massive LG | Massless LG
charged charged

¢ Qf’({esi}) take all the massive LG charges and is required to be the

holomorphic function of | i']s

: . . Ny s
Llneal’ |n Massive 681: — ‘Z]C{X 1’ e |Z] C.XZ z}e (2Si + 192Si + 1) — SU(2)Z ® SU(Z)},
polarization tensor 1 2s,

&fl({esi}) can not be EOM and IBP redundant!




- The scattering amplitude can be factorized in two parts:
M massive %éi,n — Z ‘nga} <{€Si}> G{a} ( |]]9 |]>9pz)

" .
massless Bl \iassive LG Massless LG
charged charged

- G(|jl, 1)), p;) take all the massless LG charges, so is the function of
massless spinors |j], |j) and massive momentum p;

G(|j1,1j),p;) canbe both EOM and IBP redundant!

- Example: 3-pt local amplitude of W — y —

[12][17p,3)

[1121(1713) = > (A ]) - (1214 13))
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M= Xty (16,)) G (1711701
{a}
Zi-Yu Dong, T.Ma, Jing Shu, Phys.Rev.D 107 (2023) 11, L111901

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

2 Y

A complete set of
I
M, , bases
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- The {& . G} bases can not be directly mapped into operator bases
due to their dimension mismatch

Trivial mass — a2 4 o

- 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; | il]/ml- = | i)

12



- Z1-Yu Dong, T.Ma, Jing Shu, Yu-Hu1 Zheng, Phys.Rev.D 106 (2022) 11,
116010

- 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 independent
{<f .G} bases from low to high dimension and remove the linear
correlation bases

Linear correlation

(€. Fly]

Lo/ € 3 prmam— physical

13



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

Z1-Yu Dong, T.Ma, Jing Shu, Zi-Zheng Zhou, JHEP 09 (2023) 101

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)

ZNZ,,’y;a'yé_T Tr (0“0‘5"0”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")

Zin 22 28, Tr (00757
W i Z,/_ngfyg'T (D,/yc_n) Tr (0"0“0””6“6&)

ZinZ s Bl Tr (050" 07757

Z,,lej, (D,;y;) Ve 1T (a#gCngv) Tr (apaa&)

(Du2,) Z, (D, Z¢) Z, Tr (005“0557) Tt (6%0")

Zy(DyZs) 'yg; (DM'YC_T;) Tr (a”a“&”acncf”(}&)
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https://github.com/hamiguazzz/Massive

- Map SMEFT bases to HEFT bases

SMEFTbases  A(H'H{HH]) D chun 5 T* i + Cmnn 3~ 1 &
_ 12(12)
HEFT bases MWFTW™hh) = Cgwwhn 2
+ — 1 177t 272 oyt 177t o7t 172 CZFHTHV 3C(HTHV 512
A(G*G™hh) = (A(H'H{H?HY) + A(H'H]H}H?)) = - ; 2

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

Hongkai Liu, T.Ma, Yael Shadmi, Michael Waterbury, JHEP 05 (2023) 241
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EFT Amplitude Basis
Matching



- Matching between IR EFT and UV for precision measurements

H o a
1. Matching
uv ;
A model ci(‘A)
2. Running
dc 1
__,(_,U)_ = Z 2 Vi€
dlogu F'lérx
l 0O(0.1%) — O(1%)
Precision
T ¢,(my ) observables
3. Mapping

- Matching between on-shell EFT and on-shell UV is efficient

et R S



- Amplitudes with poles and branch cuts contribute to EFT matching

<

=< 1-loop
+ I M,
m z-

@2Pk1

d4—2eL 1 1 . .
s-cut_ /( Z MZ (17 27 L17 L2)MZ (_Ll, —LQ, 3, 4)

2m)4=2¢ [2 — m2 L2 — m?

s—cut
states

Efficiently constructed by unitary cuts

- The amplitude parts with no singularity only contribute to RG running

A4 = Cut-constructed part —I—@—I— J@

Just ignore them!
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- The on-shell EFT matching becomes a simple algebra problem without
loop calculation

Unitary cuts and sewing method

The loop amplitude integrand

}'i Passarino and Veltman decomposition

Aloop = Z cO® + Z cO® | Z CO1O 4 Z CO @ |

}”. Big mass expansion

On-shell EFT amplitude bases

Z1-Yu Dong, T.Ma, Zi-Zheng Zhou, Ci-hang L1, Qi-ming Q1u, arXiv 2409.XXXX
19



[Z Massive EFT amplitude bases can be efficiently constructed by
SU(2), X U(N) representations

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

MUsing on-shell method, SMEFT can be easily mapped into HEFT

[/ On-shell method can be efficient in EFT matching

20



Thanks !!







- Matching between on-shell EFT and on-shell UV is efficient

=l
- Loop amplitude can be efficiently constructed by unitary cuts
¢ =

/—\

< (a) 7(a) (6) 7(b) (¢) 7(c) (d) 7(d)
;()‘:: iy = S I+ P + O + A <

G=p-k-k
© The full amplitude calculation is not systematically (branch cuts and
rational terms seperately calculated)




- Propose a new sewing method to construct on-shell amplitudes

&*
+ 1-loop
m My

@2pk1

d4—26L 1 1 . -
ot / ( S ME(1,2, Ly, Ly) MY (— Ly, — Ly, 3,4)

27m)4=2¢ [2 — m?2 L2 — m?

s—-cut
states

- But sew the different channels will result in redundancy

K4 I K
~ Redundancy can be systematically removed by momentum flow
algebra
A=) C(sz—)P( > 11 S('")(...))
s;€{s} monomials poles

+ 2 E;chz ( > Hs<--->(...))

monomials poles

+3 Sj >N C(s:)C(s5)Clsw) - -




- G(|jl, |7}, p;) bases suffer from EOM and IBP redundancy

- EOM redundancy can be removed by first constructing G(|j1, |j),p;)
massless limit bases

Construct o Qo QA 1y s
Pida = |ilalila s G171, 17).pi) = 9 = Gl 1), 6D

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

Original

Special |ﬂp massless limits EOM -
to one o

representation g i]a(tla = Dido { G }
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| owest dimensional
massive amplitude basis



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

e = [N~ )] R
’ —_———— Rep of €
(QSi)
- Any d'({e,}) basis must belong to the out product of all €,’s SU(2),
Reps
SU(2), Rep of €.
*Q[({esi})c®?;1 e s — P ---
] | |
(28i)

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

- Amplitude bases can be classified by massive polarization tensor
. . L L
configurations { ..., € Egtln }
Different value of /;

Polarization tensor :

. S [ T\ T\ 28— represent different

SO B ) = | (ll>> | ( | ll]) 1, 0L li < 25,' polarization tensor
with spin-S; ! configuration

© A complete set of bases {& . F}!>k-l+1:1 with one kind of
polarization tensor configuration { . . ., esl; ] esl:i ,...} canbe

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

- {®.F} bases consist of all {& . F}!-l-lirs],

., 0025 ...

€ .F = Z {{cg.F}{...,l,-,lj,...}}

(onlinly )
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