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U(1) Covariant

AWWWW), AWWBB), ,..., AQ°QBH"H), ...

LittLGmup!!

LE Amplitudes -
(Observable)

A LE  SU(2) Covariant




«I BSM
SMEFT:

LE Amplitudes
(Observable)

A(2W2Z)

1) Specify LE particle
content

10



A
«. BSM
SMEFT:

AWWWW), AWWBB), ...

2) ldentify contributing HE |
amplitudes

LE Amplitudes
(Observable)

A(2W2Z)

1) Specify LE particle

content

11



,\. BSM
SMEFT:

AWWWW), AWWBB), ...

3) Onshell Higgsing

2) ldentify contributing HE |
amplitudes

LE Amplitudes

(Observable) A(QWQZ)

1) Specify LE particle

content

12



,\. BSM
SMEFT:

AWWWW), AWWBB), ...

3) Onshell Higgsing

2) ldentify contributing HE |
amplitudes

LE Amplitudes

(Observable) A(QWQZ)

1) Specify LE particle

content

13



> Full parameterization of LE (massive) VVVV and
ffVV contact term amplitudes generated by dim-8
SMEFT

> Leading order (no dim=6 contributions for these
am pl |tu d eS) ' Liu, Ma, Shadmi, Waterbury ‘23

> Selection rules on kinematic configurations of
observable amplitudes

> Comparison to HEFT

Amplitudes EFTs Construction Results 14
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The Standard Model EFT (SMEFT)
L=Lsyu+ Y Y A0

5 i \

SUB)e x SU2), xU((l)y + € {Q,U,D,L,E,H, H'W* B,G}

Introduction: The Standard Model

17



Effective Field Theories

L = Lawr I Z Z c; A2 20"
P d>4 /

- IBP
- EOMS
- Field Redefinitions

Constructing higher dim operators is a significant challenge due to:

Introduction: The Standard Model

18



The Standard Model EFT (SMEFT)

e.g. for the SM Effective Field Theory (SMEFT):
Dim 6 operators, 1 fermion gen: 59
Dim 8 operators, 1 fermion gen: 889
Dim 8 operators, 3 fermion gen: >40000

Introduction: The Standard Model

19



Amplitude Structure

M(2 — 2)

" Goals: Amplitudes and EFTs
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Amplitude Structure

M(2 = 2) >®i

Factorizeable

" Goals: Amplitudes and EFTs



Amplitude Structure

M(2 — 2)

L

Contact Terms:
4-pt and higher

" Goals: Amplitudes and EFTs
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Amplitude Structure

M(2%2)>®i + Y.

Each independent contact-term comes with a coefficient

" Goals: Amplitudes and EFTs
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Amplitude Structure

M(2%2)>,®i + Y.

Combining all possible contact term contributions gives the most
general EFT amplitude.

" Goals: Amplitudes and EFTs
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Contact with SMEFT

Standard Model EFT
L=Lsu+Y» » gAI0" < » Y

i d>4 1

There is a one-to-one correspondence between the massless EFT
amplitudes and SMEFT Lagrangian operators

Shadmi, Weiss ‘18

" Goals: Amplitudes and EFTs
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Contact with SMEFT

Standard Model EFT
L=Lsy+ ) )] ch* O D ci

; d>4{ i

Wilson Coefficients: Parameterization of New Physics
effects

" Goals: Amplitudes and EFTs



Contact with SMEFT

Standard Model EFT

" Goals: Amplitudes and EFTs



’ BSM

SMEFT:

" Goals: Construction of SMEFT Amplitudes
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’ BSM

SMEFT:

ASMEFT : SU(S) X SU(Q) X U(l)

" Goals: Construction of SMEFT Amplitudes
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«. BSM

SMEFT:

ASMEFT : SU(S) X SU(Q) X U(l)

Higgs (Onshell)

/l] LE Amplitudes

(Observable) »ALE

" Goals: Construction of SMEFT Amplitudes
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The Little Group

States in QFT

p,0) =U(L(p; k)) |k, o)

" Onshell Methods: Spinor Variables
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The Little Group

States in QFT

p,0) =U(L(p; k)) |k, o)

<
/

p = Lk

" Onshell Methods: Spinor Variables
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The Little Group

States in QFT

p,0) =U(L(p; k)) |k, o)

4 «

p=Lk

Reference
Momentum

" Onshell Methods: Spinor Variables
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The Little Group

States in QFT

p,0) = U(L(p; k)) |k, o)

A Generic Lorentz Transf

‘

p,0) = U(A) |p,0) = Do (W (A, p; k)) | Ap, (7/>

" Onshell Methods: Spinor Variables 36



The Little Group

) |k, o)
\A Generic Lorentz Transf

States in QFT

p,o) = U(L(p; k

p,o) = U(A) |p, o) W (A, p; k)) )Ap, o”)

" Onshell Methods: Spinor Variables 37



From the Lorentz invariance of the S matrix:

M(pa,04) = 6PV, ..., pPYM (pq, 04)

M(paa Ua) X) H(Daa,ag (W))M(Apa, O-Zz)

" Onshell Methods: Spinor Variables
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From the Lorentz invariance of the S matrix:

M(pa,04) = 6PV, ..., pPYM (pq, 04)

M(paa Ua) X) H(Daa,ag (W))M(Apa, O-Zz)

A Amplitudes transform with representations of the LG!

" Onshell Methods: Spinor Variables
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From the Lorentz invariance of the S matrix:

M(pa,04) = 6PV, ..., pPYM (pq, 04)

M (pa,0a) 7 H(Daa,ag (W))M(Apa, O-(/J,)

\ Amplitudes transform with representations of the LG!

" Onshell Methods: Spinor Variables
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The Lorentz Group: SO(3,1)= SU(2) x SU(2)

"Onshell Methods: Spinor Variables
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The Lorentz Group: SO(3,1)= SU(2) x SU(2)
* Basic building blocks are 2-component spinors

Spinors!

"Onshell Methods: Spinor Variables
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The Lorentz Group: SO(3,1)= SU(2) x SU(2)
* Basic building blocks are 2-component spinors

Spinors!

P, (o

Massless Spinors

e LG =U(1)

* Bra-kets represent helicity
weights:
* Square = +1
« Angle=-1

"Onshell Methods: Spinor Variables
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The Lorentz Group: SO(3,1)= SU(2) x SU(2)
* Basic building blocks are 2-component spinors

Spinors!

P, (o

Massless Spinors

T ‘pI] | <pI| — ‘p] | <p‘ Massive Spinors:

. LG =SU(2)

Arkani-Hamed, Huang, Huang ‘21

« Each spinor gets an

SU(2) index T ¢ {1,2}

"Onshell Methods: Spinor Variables
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The Lorentz Group: SO(3,1)= SU(2) x SU(2)

* Basic building blocks are 2-component spinors

e, (I

Spinors!

For Massless Spinors

« Contracting the spinor indices defines spinor bra-kets
 These are LG covariant objects!

[pﬂ?z] = [pl\a \pQ]a

(P1p2) = <p1’B ’p2>5

"Onshell Methods: Spinor Variables
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The Lorentz Group: SO(3,1)= SU(2) x SU(2)
* Basic building blocks are 2-component spinors

Spinors!

p'], (ol =Ipl, (P

For Massive Spinors

 Amplitudes are represented by symmetric tensors
* SU(2) indices must be symmetrized — Bold notation

[l o 1=
wibr = P2 b 70

"Onshell Methods: Spinor Variables
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Onshell Methods: Amplitude
Construction



Spinors!

4-momenta

“Onshell Methods: Constructing Amplitudes from Symmetry Principles
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4-momenta

Spinors!

N pozB _ puggﬁ

“Onshell Methods: Constructing Amplitudes from Symmetry Principles



Spinors!

4-momenta

N pozB _ puggﬁ R

Pl (pl”

Massless: rank(1)

“Onshell Methods: Constructing Amplitudes from Symmetry Principles
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Spinors!

4-momenta

pr — paﬁ = p,ua.gﬁ N ‘p]a <p|6 Massless: rank(1)

\
\
\
\
\'

p'] (p:1] = Ip] (D]

Massive: rank(2)

“Onshell Methods: Constructing Amplitudes from Symmetry Principles
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Spinors!

.

4-momenta

Polarizations

“Onshell Methods: Constructina Amplitudes from Svymmetrv Principles
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Spinors!

4-momenta

Massless Fermions:

p] or |p)

Polarizations

R

Massless Vectors

p] |p] or |p)|p)

“Onshell Methods: Constructina Amplitudes from Svymmetrv Principles
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Spinors!

4-momenta

Massive Fermions:

p'] or |p')

Polarizations

S

Massive Vectors

Pl p)7F or [p)t |p)”

“Onshell Methods: Constructina Amplitudes from Svymmetrv Principles
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Massive Fermions:
I AV

H

P)

~ ¥ 4-momenta

Spinors!

-, Polarizations

H

Massive Vectors

1]

p p)|p)

Arkani-Hamed, Huang, Huang ‘21

“Onshell Methods: Constructina Amplitudes from Svymmetrv Principles



¥ 4-momenta

Little group covariant
expression for kinematics of

I |
Spinors; v scattering

~, Polarizations

"Onshell Methods: Constructina Amplitudes from Svmmetrv Principles



Spinors!

4-momenta

Little group covariant
expression for kinematics of
scattering

Internal Symmetries
and Spin Statistics

Amplitudes!

"Onshell Methods: Constructina Amplitudes from Svmmetrv Principles
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L Bample | W)WY (2)WE(3)W(4)

"Onshell Methods: Constructina Amplitudes from Svmmetrv Principles
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_ WCL( )Wb ( )W_|C_ (S)Wi (4) ﬁl\éllﬁzl'gsmphtudes are for the

"Onshell Methods: Constructina Amplitudes from Svmmetrv Principles
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DB W ()W 2)WEB)WEE) < s

1) Kinematic Terms

"Onshell Methods: Constructina Amplitudes from Svmmetrv Principles
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DB W ()W 2)WEB)WEE) < s

1) Kinematic Terms

p]l x 2, pe{l,2,3,4}

"Onshell Methods: Constructina Amplitudes from Svmmetrv Principles
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_ WCL ) WC (3) Wi (4) al\éllﬁzl'gsmphtudes are for the

1) Kinematic Terms

[12]” [34]7

pl %2, pe{l,2,3,4F > [13]%[24]?

I

[14]" 23]

"Onshell Methods: Constructina Amplitudes from Svmmetrv Principles
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Example: W_?’_ ( 1 ) W_Ilj_ (2) W_|C_ (3) Wi (4) -« al\lz/llﬁgl'gsmplitudes are for the

1) Kinematic Terms

[12]” [34]7

Contract spinors

p] %2, p€{1,2,3,4}  » 13]*[24)°

N

[14]" 23]

Terms like:

112] [23] [34] [14]

Are linearly dependent on

the three listed terms

"Onshell Methods: Constructina Amplitudes from Svmmetrv Principles
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Example: W_?’_ ( 1 ) W_Ilj_ (2) W_|C_ (3) Wi (4) -« all\z/llﬁgl'gsmplitudes are for the

1) Kinematic Terms

[12]” [34]7

p] %2, p€{1,2,3,4}  » 13]*[24)°

[14]" 23]

Terms like:

112] [23] [34] [14]

Are linearly dependent on

the three listed terms

2) Group Theory Terms

(Sab(gdc7 5&05bd’ 5ad5bc

"Onshell Methods: Constructina Amplitudes from Svmmetrv Principles
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Example: W_?’_ ( 1 ) W_Ilj_ (2) W_|C_ (3) Wi (4) -« all\z/llﬁgl'gsmplitudes are for the

1) Kinematic Terms 2) Group Theory Terms

[12)° (34 [13]%[24]% [14]° [23)7  gobgde, gacgbd, sadghe

"Onshell Methods: Constructina Amplitudes from Svmmetrv Principles 65



Example: W_?’_ ( 1 ) W_Ilj_ (2) W_|C_ (3) Wi (4) -« all\z/llﬁgl'gsmplitudes are for the

1) Kinematic Terms 2) Group Theory Terms

[12)° (34 [13]%[24]% [14]° [23)7  gobgde, gacgbd, sadghe

Four identical particles, symmetrize over 1a,2b,3c,4d:

"Onshell Methods: Constructina Amplitudes from Svmmetrv Principles 66



Example: W_?’_ ( 1 ) W_Ilj_ (2) W_|C_ (3) Wi (4) -« all\z/llﬁgl'g:mplitudes are for the

1) Kinematic Terms

2) Group Theory Terms

[12)° (34 [13]%[24]% [14]° [23)7  gobgde, gacgbd, sadghe

v

Four identical particles, symmetrize over 1a,2b,3c,4d:

[12]° [34]° §9°5°? 4 Permutations(1a, 2b, 3¢, 4d)

([13]% [24]° +

14]% [23]%)67%6°¢ + Permutations(1la, 2b, 3¢, 4d)

"Onshell Methods: Constructina Amplitudes from Svmmetrv Principles 67



SMEFT amplitudes are for the

Example: W_?_J (1)W_I|)_ (2) W_|C_ (3) W_ﬁ (4) < HEfields

1) Kinematic Terms 2) Group Theory Terms

[12)° (34 [13]%[24]% [14]° [23)7  gobgde, gacgbd, sadghe

Four identical particles, symmetrize over 1a,2b,3c,4d:

Each term
gets an
independent
coefficient

l e [12)7 [34) 606 + Permutations(1a, 2b, 3¢, 4d)

v

02([13]2 [24]2 4+ :14]2 [23]2)5“b50d + Permutations(1la, 2b, 3¢, 4d)

"Onshell Methods: Constructina Amplitudes from Svmmetrv Principles 68



C,CP

In the Lagrangian formalism, operators must be
hermitian, e.g.:

O = clﬂfy”uHTﬁﬂﬂBuy
¥

cp=c]=c1 €ER

" Onshell Methods: Discrete Symmetries and Hermiticity

69



C,CP

In the Lagrangian formalism, operators must be
hermitian, e.g.:

O, = clﬂfy”uHTﬁﬂﬂBuy
%
cp=c]=c1 €ER

Or come with hermitian conjugates, e.g.:

Oy = CQﬂvydflTD_)ﬂHBW—|—'03a’y”uHTlf“ﬁBﬂy

AN
N\

:>(33:C§

" Onshell Methods: Discrete Symmetries and Hermiticity
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1C1P

This hermiticity is not built into amplitude construction, so must be imposed:

" Onshell Methods: Discrete Symmetries and Hermiticity
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1C1P

This hermiticity is not built into amplitude construction, so must be imposed:

Complex
Conjugation

" Onshell Methods: Discrete Symmetries and Hermiticity
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1C1P

This hermiticity is not built into amplitude construction, so must be imposed:

c1123][3(4 —5)1) « - ¢2(23) (3(4 — 5)2
cs [13][3(4 — 5)2) « » ¢4 (13) (3(4 — 5)2
Complex
Conjugation
* * | ffici > 2 I
= C2 = Cq, C4 =C3 f:roceoffrirgz?e?])t(s(.:ql'ehi:lscl:eonutnting g([))rpr)lllioe(sa);o all
amplitudes.

" Onshell Methods: Discrete Symmetries and Hermiticity 73



C,

These amplitudes are also related by CP transformations (not a CP eigenbasis):

ce

" Onshell Methods: Discrete Symmetries and Hermiticity
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C,

These amplitudes are also related by CP transformations:

c1 (23] [3(4 —5H)1) - > c2(23) (3(4—5)2

cs [13][3(4 — 5)2) « » ¢4 (13) (3(4 — 5)2
cr

= Cy = C1, C4 = C3 Demanding CP invariance: 2 complex

coefficients — two real coefficients

" Onshell Methods: Discrete Symmetries and Hermiticity 75



Construction of LE (Massive)
SMEFT Amplitudes



«I BSM

SMEFT:

Construct set of HE contact terms:

U

LE Amplitudes
(Observable)

Construction of SMEFT Amplitudes: Massless Amplitudes (HE)
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«I BSM

SMEFT:

SU(3) x SU2) x U(1)

U

LE Amplitudes
(Observable)

Construct set of HE contact terms:

< {Q,UD,L E,H H' W* B,G}

" Construction of SMEFT Amplitudes: Massless Amplitudes (HE)
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«I BSM

SMEFT: Construct set of HE contact terms:

v

AWWWW), AWWBB), ,..., AQ°QBH"H), ...

U

LE Amplitudes
(Observable)

SUB) xSUQ2)xU(l) | ®<{Q,UD,LEHH W*B,G}

" Construction of SMEFT Amplitudes: Massless Amplitudes (HE)
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«I BSM

SMEFT:

U

LE Amplitudes
(Observable)

A(2W2Z) .

Specify LE particle
content

Construction of SMEFT Amplitudes: LE (Massive) Amplitudes
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«I BSM

SMEFT:

U

AWWWW), AGWWBB), ...

LE Amplitudes
(Observable)

A(2W2Z) .

Identify contributing HE
amplitudes

Specify LE particle

content

Construction of SMEFT Amplitudes: LE (Massive) Amplitudes
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«I BSM

SMEFT:

AWWWW), AWWBB), ...

Onshell Higgsing

U

v

LE Amplitudes
(Observable)

A(2W2Z) .

Identify contributing HE
amplitudes

Specify LE particle

content

Construction of SMEFT Amplitudes: LE (Massive) Amplitudes
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«I BSM

SMEFT:

AWWWW),

Onshell Higgsing

A(WW BB), ...

(covariantize under the massive

Bold Spinor Structures

little group)

U

LE Amplitudes
(Observable)

A(2W2Z)

Balkin, Durieux, Kitahara, Shadmi, Weiss ‘21

Construction of SMEFT Amplitudes: LE (Massive) Amplitudes 83



«I BSM

SMEFT:

Higgs legs can provide
longitudinal modes.

Onshell Higgsing

T

U

LE Amplitudes
(Observable)

H—V,

Balkin, Durieux, Kitahara, Shadmi, Weiss ‘21

Construction of SMEFT Amplitudes: Onshell Higasina

84



Onshell Higgsing

«I BSM

SMEFT:

T

Higgs legs can provide
longitudinal modes.

-

H—V,

U i

LE Amplitudes
(Observable) ‘pH] <pH’ — ‘pH] <pH‘

‘ Balkin, Durieux, Kitahara, Shadmi, Weiss ‘21

Construction of SMEFT Amplitudes: Onshell Higasina 85



Onshell Higgsing

«I BSM

SMEFT:

o
s

5-point amplitudes can
contribute to 2-to2
scattering via extra
Higgs legs

H
-
1
H —
(y, V2
LE Amplitudes
(Observable) Ph — 0

(h + v)

‘ Balkin, Durieux, Kitahara, Shadmi, Weiss ‘21

Construction of SMEFT Amplitudes: Onshell Higasina 86



«I BSM

SMEFT:

A(Q“QBH'H)

5-point amplitudes can
contribute to 2-to2
scattering via extra
Higgs legs

Higgs legs can provide
longitudinal modes.

U

LE Amplitudes
(Observable)

A(ucd2Z)

Construction of SMEFT Amplitudes: LE (Massive) Amplitudes
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A| o

U

LE Amplitudes

(Observable) A(u°d27Z)

Construction of SMEFT Amplitudes: LE (Massive) Amplitudes

88



«I BSM

SMEFT:

A(Q°QBH'H

U

LE Amplitudes
(Observable)

_ ]
One of the two
Higgs legs maps to
the longitudinal
mode of the Z
o
A(ucd2Z)

)

Construction of SMEFT Amplitudes: LE (Massive) Amplitudes

89



«I BSM

SMEFT:

cOBH!
A(Q“QBH'H)

The remaining Higgs
leg is “soft,” incurs
power of the VeV

U

LE Amplitudes
(Observable)

v

A(u°d2Z) -V

Construction of SMEFT Amplitudes: LE (Massive) Amplitudes

90



Results

Onshell Methods o1



Results

* Full parameterization of LE (massive) VVVV
and ffVV contact term amplitudes generated by
dim-8 SMEFT

'Results

92



* Selection rules on kinematic configurations of
observable amplitudes

f

>®< 347 (281) — [241)  [12)2[34] (34) S

2

A(ff — Z7) AWW — WW)

'Results



* SU(2) Symmetry Breaking pattern in the
amplitudes, e.q:

Structure ‘ wuWrtW- ddW+W~
v (LWL 2H QW 2H v QTQWiZ2H
[13][34](42) o (A 1 3 v
v 4

'Results

94




 Distinguish the SMEFT from bottom-up amplitude
construction (HEFT):

Shadmi, Weiss ‘18
Durieux, Kitahara, Shadmi, Weiss ‘19
Liu, Ma, Shadmi, Waterbury ‘23

LE ?|-T£||:itTl;des SU(3) x U(1)gnr, physical particles — Apg

'Results 95



Summary

* Derived LE dim=8 SMEFT amplitudes using onshell Higgsing:
> Model independent parameterization of low energy observables
» Complete basis for specific processes: no redundancies!

- |ldentification of theoretically interesting observables for study at
colliders.

Summary
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