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Lagrangians are powerful... but not always

Fields are unphysical and redundant

- redefinitions do not alter the physics

- four-vector/tensor to embed two dofs
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Lagrangians are powerful... but not always

Fields are u

redefiniti

- four-vect]

graviton Feynman rules [De Witt '67]
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On-shell bootstrapping factorization /unitarity

- Trees cut into trees

+ contact terms

- Loops cut into trees

no loops hereafter

Recently

- applications to EFTs

- covariant massive spinor formalism [Arkani-Hamed, Huang, Huang '17]
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Contact terms

massless ~— operator enumeration (unbroken EW symmetry)

massive  — bootstrap building blocks
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operator enumeration

[Shadmi, Weiss '18], [Ma, Shu, Xiao '19], [Falkowski '19], [GD, Machado '19],
[Li, Ren, et al. '20, '20, '20]

SM(EFT) from massive amplitudes

SM: [Christensen, Field '18], [Bachu, Yelleshpur '19],
SMEFT: [Aoude, Machado '19], [GD, Kitahara, Shadmi, Weiss '19], [GD et al. '20], [Dong, Ma, Shu '21]

EFTs from soft properties

[Cheung et al. '14, '15, '16], [Low et al. '19, '19, '20]

SMEFT non-renormalizations, non-interferences, RGEs

[Cheung, Shen '15], [Azatov et al. '16], [Bern et al. '19, '20],
[Jiang et al. '20], [Elias Miré6 et al. '20], [Baratella et al. '20, '20],
[Baratella et al. '21], [Accettulli Huber, De Angelis '21]
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Outline

Bootstrapping EFTs

a. Massless contact terms

b. Massive contact terms

Massive electroweak EFTs
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a. Massless contact terms



Helicity spinors

As brackets
Uiy = (3) ui- = (3) for particle i

Rewritting momenta (and polarizations vectors)

Pl
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Trivializing p? = (ii)[ii]/2 =0

(i) = €ap i)*i)* =0, [il] = e ]y =0
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[Mangano, Parke
[Helvang, Huang
[Dixon
[Schwartz
[Cheung

'91]
'13]
'13]
'14]
'17]
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Little group covariance

Little group transformations leave p; invariant

Little group is SO(2) ~ U(1) for massless p;

Spinors i], i) pick up phases proportional £1/2

The amplitude picks up a phase proportional to h;
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Massless three-points

fully determined by little-group covariance

[12]ntha=hs  [o3)haths=hi [3q)hsthi—hs  for p 4 py 4 By >0

M(1h 2h2 303y =
(12)~Mm—haths 23y —h2—hs+h1 31y —hs—hiths  for by 4+ hy + h3 < 0

Frits [12]

vivts [12)
FHFvt [13)°/[12]
vty [12)3/[23][31]

tHete ([12]3/[23] [31]>2
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Massless higher-points

Multiple independent structures for given helicities

satisfying - little group constraints
- momentum conservation
- Schouten identities e.g. [12][34] — [13][24] + [14][23] = O

Non-trivial Lorentz invariants

285 =pi* Pjs  €uvpaP] P} PLP]

Construction

- harmonics (distinguishable particles) [Henning, Melia '19]
- twistors trivializing momentum conservation [Falkowski '19]
- systematic algorithm and explicit construction [GD, Machado '19]

[see also Accettulli Huber, De Angelis '21]
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Massless higher-points

Multiple independent structures for given helicities

satisfying - little group constraints
- momentum conservation

- Schouten identities e.g. [12][34] — [13][24] + [14][23] =

Non-trivial Lorentz invariants

2% = n: - n: € ™ p¥ p? p?

dim{operator} > n Z max (0, ceil{|hj| — 1})
i {32,202h} mod 2

hil} — hi

+37 I+ 2max |2 = 2 1A
i 2 hi|} — h;
max{|hil} h’%l |

(.

e.g. minimal dimension of operators contributing to any helicity amplitude:

[GD, Machado '19]

elia ’

ado '19

elis '
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Stripped contact terms (SCTs)

Strip out Lorentz invariants from spinors
e.g. [12][34] x (812 — 313)

spinor structures Lorentz invariants

removing local
redundancies
removing all
redundancies

stripped-contact-term
(SCT) bases

appending
positive powers

one per spinor-structure

helicities bases newly local

redundancies

contact-term map to
bases operators.

Exclude non-local relation in SCT basis reduction
X [12][34] = —[13][24] 312/313
v [12][34] 33 = —[13][24] 312
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ntact terms (SCTs)

Stripped ¢

Strip out

one per
helicities ]|

Exclude 1
X [12][3
v 123

(.

e.g. GR-SMEFT

[GD, Machado '19]
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Massless operator bases

adding gauge structures, treating identical particles

- h/Z + gluons
- SMEFT at dim-6

- SMEFT at dim-8 and 9

- LEFT at dim-8 and 9

- GR-SMEFT at dim-8
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[Shadmi, Weiss

[Ma, Shu, Xiao

[Li, Ren, Shu, Xiao, Yu, Zheng
[see also Murphy

[Li, Ren, Xiao, Yu, Zheng

[Li Ren, Xiao, Yu, Zheng
[see also Murphy

[GD, Machado

[see also Ruhdorfer, Serra, Weiler

'18]
'19]
20]
'20]

20]

20]
20]

'19]
'19]
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b. Massive contact terms



[Arkani-Hamed, Huang, Huang '17]

Spin spinors
Two massless for one massive
plohe = K)K +4d)d = )i with k2 = 0= g, J=1,2
2k g *m2

Little group is now SO(3) ~ SU(2)
Spin s from 2s symmetrized spin 1/2
Bolded spinors with implicit SU(2) index symmetrization

eg (1/3/)(2K37y + (J & J') — (13)(23)

ffs [12], (12)

ws (12)2, (12)[12], [12]?

ssv [3(1-2)3) = [3(p1 — p2)3)
3

fiv (13)(23), (13)[23], [13](23), [13][23]
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High-energy limit

- choice for the decomposition p* = (E, pn) = k" + g':

E+p
2

E—p

k= =P 4h), gt =P -h)

— spin quantization axis k#—g" ~ (1, /) ~ helicity
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High-energy limit

- choice for the decomposition p* = (E, pn) = k" + g':

E E—

o= =P n), gt = =P
2 2

— spin quantization axis k#—g" ~ (1, /) ~ helicity

— k], k) ~vVE and gq],q) ~ m/VE

- massless limit: un-bolding +O(m)
e.g. (13)(23) — (13)(23) + O(m)
(13)(23] > (1ps2}+ O(m)
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Massive three-points

Counting from angular momentum
number of irreps in the spin addition: [Costa, Penedones, Poland, Rychkov '11]
) p=max{0,s1 +s — s3
(2s1+1)(2s2+1) — p(p+1) with { }
s1<s$<s3

[GD, Kitahara, Machado,

Construction by correcting a massless-like ansatz Shadmi Weiss 20]

(12)51+52—§3 (23)—51+52+§3 (13)51—52+§3 [3(1 _ 2)3)53—33

with | (i) = any (i) "[ij] for1=0,... k
si<$<s
53 =s3 — max{0,s3 — s, — 51}
removing occurrences of e(e1,€2,€3,p1 + p2 + p3)
m1(12)(13)[23] + m»(12)[13](23) + m3[12](13)(23)
= m[12] [13)(23) + m2[12](13)[23] + m3(12)[13] [23]
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(. e inor struct N
s1 sz 83 nPtngg spinor structures
H 00 0 1 constant,
Massive { @ ¢ ! et
00 2 1 [3(1 - 2)3)°
00 3 1 [3(1-2)3)
0 1/21/2 2 (23], (23)
J 01232 2 [3(1 - 2)3) (23], (23))
Count| 0 1/25/2 2 31 - 2)3)? © (23], (23))
01 1 3 ([23]°, (23)[23], (23)%)
01 2 3 [3(1 - 2)3) (23], (23)[23], (23)2)
nurf o 1 3 3 [3(1 - 2)3)? @ ((23]2. (23)[23], (23)%) land, Rychkov '11]
0 3/23/2 4 ([231%, (23)[23]%. (23)2(23], (23)?)
0 3/25/2 4 [3(1—2)3) @ ([23]°, (23)[23]%, (23)*[23], (23)°) - s }
02 2 5 (23], (23)[23]7, (23)2[23]2, (23)*[23], (23)") 3
02 3 5 [3(1 - 2)3) @ ([23]*, (23)[23]°, (23)2[23]2, (23)*[23], (23)")
0 5/25/2 6 ([23]°, (23)(23]*, (23)[23]%, (23)3[23]?, (23)*(23], (23)°)
03 3 7 ((23]°, (23)[23]°, (23)2(23]", (23)°[23]", (23)"[23]%, (23)7(23], (23)°)
y21/2 1 4 (23], (23)) ® ((13], (13))
1/21/2 2 4 [3(1 - 2)3) @ (23], (23)) ® (18], (13))
1/21/2 3 4 [3(1-2)3)*  ([23], (2-5>) > ([13], (13)) h Machad
/21 3/2 6 ([23]%,(23)[23], (28)*) @ ([13], (13)) itahara achado
Constr 12 152 6 31— 2)3) & (23, (28)(23], (23)?) & (113], (13)) I e
Phadmi, Weiss '20]
1/23/2 2 8 ([23]°, (23)[23]°, (23)%[23], (23)*) ® ([18], (13)) '
1/23/2 3 8 [3(1 - 2)3) @ ((23]°, (23)[23]°, (23)2[23], (23)*) @ ((13]. (13))
1/2 2 5/2 10 ([23]*, (23)[23]°, (23)2(23]%, (23)°[23], (23)") ® ([13], (1))
(12 1/25/2 3 12 ([23]°, (23)[23]*, (23)%[23]%, (23)%[23]2, (23)*[23], (23)°) ® ([13], (13))
11107 1 (12, (12)) @ (23], (23)) @ (13, (13))
112 9 ([23]1.<23>[23]A<23>Z)@([13]l.<13> 13, (13)%)
113 9 [3(1 - 2)3) @ ((23]%, (23)[23], (23)?) ® ((13)%, (13, [13] (13)?)
wit] 132 0 2 ([12]. <1z>m([zs]2 (23)[23), (23)2) ® ([13], (13))
1 3/25/2 12 ([23]%, (23)[23]2, (23)%(23], (23)%) ® ((13]%, (13)[13], (13)?)
12 2 13 3 ([12], (12)) @ (23]%, (23)[23]2, (23)2[23], (23)°) @ (18], (13))
12 3 15 ([23]4.(23)[23]«‘.(23)2[23]2.(23)“[23].(23)‘)@([13_2.<13>[13].<13>2)
15/25/2 16 4 (112). (12)) ® ((23]", (23)(23]", (23)2(23]2, (23)°(23] (23)") © ((13]. (13))
13 3 19 5 ([12],(12)) ® ([23]°, (23)[23]*, (23)2[23]°, (23)%[23]2, (23)*[23], (2.1 )@ ([18], (13))
3/23/2 2 14 4 ([12], (12)) @ ([23]*, (23)(23], (23)%) @ ([13]*, (13)[13], (13)%)
3/23/2 3 16 ([231%, (23)[23]%, (23)2(23], (23)") @ ((13)%, (13)[13]%, (13)?[13], (13)?)
3/2 2 5/2 18 6 ([12] 12)>c ([23]°, (23)[23]2, (23)2(23], (23)*) © ([13]%, (18)[13], (13)*)
rem 3/25/2 3 22 8 ((12].(12)) ® ([23]*, (23)[23]%, (23)%(23)%, (23)[23]. (23)") ® ((13]%, (13)[13], (13)) tp2 + p3)
2 2 2 19 8 ([12]2 (12)[12] (12)%) @ ([23]°, (23)[23], (23)%) © ([13]°, (13)[13], (13)?)
2 2 3 23 9 ([12],{12)) [23] (23)[23]2, (23)2(23], (23)*) @ ([13], (13)[13]?, (13)[13], (13)*)
2 5/25/2 24 12 (122, 12)[12] 12)?) @ ([23]%, (23)[23]2, (23)2[23], (23)°) @ ([13)% (13)[13], (13)2)
2 3 3 29 16 ([12]%, (12)[12], (12)%) @ ([23]*, (23)[23]°, (23)2(23]%, (23)°[23], (23)*) @ ([13]%, (13)[13], (13)?)
5/25/2 3 30 18 (127, (12)[12], (12)) @ (23], (23)[23]%. (23)2(23], (23)*) @ ((13]°, (13)[13], (13)2[13], (13)?)
303 3 37 27 ([120°, (12)[12]%, (12)%[12], (12)%) @ ([28]°, (23)[23]%, (23)*[23], (23)°) @ ([13]%, (13)[13]%, (13)?[13], (13)%)
J

§
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Massive higher-points

[13][24](13)(24) — [14][23](14)(23)

5 = 2pi - pj

eg. WWrW-Ww-
mimomszma

spmor structures S{'}

removing local
redundancies

Pomatrix —__— removing all
redundancies
stripped-contact-term
(SCT) bases
CFTs Splnor—structure
counting bases newly local
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redundancies

(313 — 514 — %23 + 504)

[ Lorentz invariants ]

appending
positive powers

contact-term
bases

map to
operators

[GD, Kitahara, Machado, Shadmi, Weiss '20]
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An aside: massive spinor structures

Counting from 3D conformal correlators [Henning, Lu, Melia, Murayama '17]
[Shomerus, Sobko, Isachenkov '16]
H(2Si +1) [Kravchuk, Dimmons-Duffin '16]

1

Independence test with P-matrix determinant [Bonifacio, Hinterbichler '18]

inner product between spinor structures of identical spin content

Pmn = Z Sisth o 1
{13.{J}
Construction by bolding massless amps e B

- Pick spinor structures whose leading high-energy limits
contribute to different helicity amplitudes.

- Their P-matrix is diagonal in the massless limit
as they do not interfere. So they are independent.

- There are [[;(2s; + 1) of them. So they form a basis.
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MaSS|Ve hlgher_pOInts [GD, Kitahara, Machado, Shadmi, Weiss '20]

New massive redundancies in SCT basis reduction

e.g. in ffvs:  [12](3123) = ([12][313)33 — [12][323)513)/m3
— 512(13](23] — m1[321)[23] — my[312)[13]

Clear massless origins but non-trivial mass-completions

Gauthier Durieux — Oklahoma State HEP Seminar — 23 Sep 2021
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MaSS|Ve hlgher_pOInts [GD, Kitahara, Machado, Shadmi, Weiss '20]
New massive redundancies in SCT basis reduction

e.g. in ffvs:  [12](3123) = ([12][313)33 — [12][323)513)/m3
— 512(13](23] — m1[321)[23] — my[312)[13]

Clear massless origins but non-trivial mass-completions

e.g. in wif: [13)(24)(231] + [23](14)(132] =
— ([13](24)(132)(m? + 31) + [23](14)(231)(m] + 513))/mm2
+ [12]([13](24) 323/ m> — [23](14)313/m1)
+ [12](13)(24 >(m1 + 314)m3/myimy
— [12)(28)(321)ms /> + [34](12) (132)ma /m
— (12)([23](14)m3 + [24](13) ma)m3/my
— [14][23])(12)313ms/mim; .

Explicit construction for 4-points and spins<1
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min{dop! )

Massive hig}

New massi

e.g. in ffvs:

Clear mass

e.g. in wif:

Explicit cof

(.
Gauthier Durieux — Oklahoma State H

spins st na hel. cat spinor structures Nperm
ssss 1 1 (0000) constant 1 4
vsss 4—3 3 (0000) [121),[131) 1 5
(+000) [1281]  [1281] - (1231) 1 7
fiss a4 4 (4+00) [12] 2 5
(+-00) (182) 2 6
woss 109 9 (0000) [12)(12), [131)[232) 1 16
(+000) [12][132) 1 6
(++00) [12)* 2 6
(+-00) [132) — [132)2 — (132]2 21 8
Sfvs 1412 12 (++00) 12){(313), (323)} 2 6
(+-00) [13](23) 2 5
(+++0) [13][23] 2 6
(++-0) [12](3123) — o 20 8
(+-+0) [13][312) 4 7
rrEFs 16 (++++) [12][34], [13][24] 2 6
(++--) [12](34) 6 6
(+++-) [12][324) 8 7
s 3520 27 (0000) 12](343) (12), [13](242)(13), (23][141)(23) 1 5
(+000) [12][18)(23) 6 5
(+-+00) [12]2{[313), [328) } 6 7
(+-00) [13][132)(23) 6 7
(+++0) [12][13](23] 2 7
(++-0) [12]2(3123) — o B0 9
voff 46538 36 (004++) (12) x {[12][34], [13][24]} 2 5
(00+-) (14)(281](23], (24)(132](13] 2 6
(0—++)  (12)[34)(241] — (12)[34]((241]/m — (142]/m2) A2 7
(0+++) (132] x {[12][34], [13][24]} 4 7
(0++-) (14)[12](23] 8 6
(+++-) 12]2(314) 4 8
(H+++) (12] x {[12][34], [13][24]} 2 7
(=+++) (1231)[23][24] =0 40 9
(++--) [12]2(34) 2 7
(+=—+) [14)[182)(23) — [14][132)(28) — [24][231)(13) 42 8
wovw 116 85 81 (0000) {[12][34], [18][24]} x {(12)(34), (13)(24)} 1 4
(+000) {[12](34). (13][24]} x [142)(34) — - g6 6
(+-+00) {[12](34], [13][24]} x [12](34) 12 6
(+-00) [13][14](23)(24) 12 6
(+++0) {[12][34], [13][24]} x [23][134) 8 8
(++-0) [12]2(34)(324] — [12](34)((324]/m4 — (423]/m3) — 2Mopf5 8
(++++) [12]2[34]?, [12][13][24](34], [13]?[24]* 2 8
(+++-) [12][13](23](4124) — o £-0 10
(++--) [12]%(34)% 6 8 )

ado, Shadmi, Weiss '20]

pns

513))/mimy
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Massive electroweak EFTs



Assumptions

Poincaré, locality, unitarity

electroweak spectrum: 1, ', v, Z, W*, h
(all massive but )

global electric charge & fermion number

|Qu = Qur| = [Qw|

Gauthier Durieux — Oklahoma State HEP Seminar — 23 Sep 2021
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Given a particle content,

from perturbative unitarity up to A > m!

Recovering electroweak symmetry

[Llewelly Smith '73]

HIGH ENERGY BEHAVIOUR AND GAUGE SYMMETRY

C.H. LLEWELLYN SMITH
CERN, Geneva, Switzerland
Received 13 May 1973

The mmposition of unitarity bounds is shown to lead to a Yang-Mills structure in a wide class of theories involving
vector mesons. Scalar fields are needed and, at least 1n simple cases, the unique umitary theory 1s of the Higgs type

S-Matrix Derivation of the Weinberg Model'
SaTisH D. JOGLEKAR
Institute for Theoretical Physics, State University of New York at Stony Brook,
Stony Brook, New York 11790
Received June 18, 1973

Uniqueness of Spontaneously Broken Gauge Theories*

John M. Cornwall, David N. Levin, and George Tiktopoulos
Department of Physics, University of California, Los Angeles, California 90021
(Received 25 April 1973)

We have made a systematic search for theories of interacting heavy vector mesons
which have unitarily bound trees. In simple cases (four vector mesons and one scalar
particle) the only unitarily bound models are spontaneously broken gauge theories. Evi-
dently, a unitarity bound, which controls high-energy behavior, imposes internal sym-=
metry on heavy-vector-boson interactions.

Gauthier Durieux — Oklahoma State HEP Seminar — 23 Sep 2021

[Joglekar '73]
[Conwall et al. '73, '74]

19


https://doi.org/10.1016/0370-2693(73)90692-8
https://doi.org/10.1016/0003-4916(74)90205-X
https://doi.org/10.1103/PhysRevLett.30.1268
https://doi.org/10.1103/PhysRevD.10.1145
https://inspirehep.net/literature?q=author:G.Durieux.1
https://osuhep.okstate.edu/past-seminars

a. Massive EW three-points



Perturbative unitarity at three-point?

Rule of thumb:

Three-points growing as £2/m or faster (for complex momenta)
lead to unacceptable £2/m? four-point growths.

E2/m E2/m ~ E?/m?
1/E?

not considered here

(the dependence of the spinor structure coefficient
on the propagator virtuality could cancel the E growth)

— E? three-points only arise - at the loop level /

Gauthier Durieux — Oklahoma State HEP Seminar — 23 Sep 2021 20
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Perturbative unitarity at three-point?

Rule of thumb:

Three-points growing as £2/m or faster (for complex momenta)
lead to unacceptable £2/m? four-point growths.

E2/ A /A~ E?/N
1/E?

not considered here

(the dependence of the spinor structure coefficient
on the propagator virtuality could cancel the E growth)

— E? three-points only arise - at the loop level /
- at the 1/A level

Gauthier Durieux — Oklahoma State HEP Seminar — 23 Sep 2021 20
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(G4

(13)(23), (13)[23], [13](23), [13][23]

four terms expected from ang. mom.: 2®2®3=1®3®d3d5

Gauthier Durieux — Oklahoma State HEP Seminar — 23 Sep 2021
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(G4

(13)(23), (13)[23], [13](23), [13][23]

fﬂ%

<1_3> (2_3)

1/A
dipole

Gauthier Durieux — Oklahoma State HEP Seminar — 23 Sep 2021
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(G4

[12]
+40
—my/V/2
(13)(23), (13)[23], [13](23), [13][23]

fﬂg"e&)
f—mz
o V4

(13)(23)  —4— m
R (132/012) l Ve
dipole
—++
[23]°/[12]

Gauthier Durieux — Oklahoma State HEP Seminar — 23 Sep 2021
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(4

(2322_/<_12> dipole
12 [1372/112) /A
+40 +—+  [13][23]
my/vV2 Va +++
—my/V/2 —mz

(13)(23), (13)[23], [13])(23), [13][23]

fﬂ%
f—mz

z

(13)(23)  —+— m
/A (13)2/(12) l s
dipole
—++
23]7/[12] ——0
(12)

Gauthier Durieux — Oklahoma State HEP Seminar — 23 Sep 2021
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(G4

longitudinal gt—gf my

~ LR
transverse |, o g V2m;
— ~ Yo

— pseudo-scalar

Gauthier Durieux — Oklahoma State HEP Seminar — 23 Sep 2021
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(4

longitudinal g —8g" my
~ LR
transverse | . g V2m;

more in the four-point discussion
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Wwrw-Z

oL 12 )
- 8 combinations of 12] X 23] & 31]

- one non-trivial relation between them:
my(12)(13)[23] + my(12)[13](23) + m3[12](13)(23)
= m[12] [13](23) + m,[12](13)[23] + m3(12)[13] [23]

7 combinations expected from angular momentum
33®3=10303DP3P5P5D7

- combinations growing like E3 and E?
can only arise at the non-renormalizable (tree) level

Gauthier Durieux — Oklahoma State HEP Seminar — 23 Sep 2021 23
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W+w-

Z

Cis 1+ 2

M(w,2w,37) = Pis -]« )

+

+[12]

2)
+[12)(
(
[

+(12)(13)(23) clihlyz /A2 )

+ (12)((13)[23] — [13)(23)) chor, /mzA

+ (12)((13)[23] + [13)(23)) clypo/mzA

{[12)(13)(23) mz/mw + (12)[13](23) + (12)(13)[23]

+ (12) [13] (23] mz/mw + [12] (13)[23] + [12] [13] (23)} oz /mzmw
3)[23] — [13)(23)) clyl, /mzA

3)[23] + [13)(23)) il /mzA

1
(1
(1
1

+ [12)[13][23] vz /A%,

- one single (rather non-trivial) renormalizable structure!

Gauthier Durieux

— Oklahoma State HEP Seminar — 23 Sep 2021
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Wwrw-Z

Cis 12
M(IW,2W73Z) = Pis -]« )
+ (12)(13)(23) cliil, /A2 ]
+ (12)((13)[23] — [13)(23)) chor, /mzA
+ (12)((13)[23] + [13)(23)) clypo/mzA
+ {[12)(13)(23) mz/mw + (12)[13](23) + (12)(13)[23]
+ (12) [13)[23] mz/mw + [12] (13)[23] + [12] [13] (23)} cymz/mzmw
+ [12]((13)[23] - [13](23)) clpp), /mZA
+ [12]((13)[23] + [13](23)) cpyys /mz
[

+ [12)[13][23] vz /A%,

- one single (rather non-trivial) renormalizable structure!
- for identical vectors (mz/my — 1)
- no fully symmetric combination — ZZZ vanishes

- only fully antisymmetric combinations — W?2W?W*® requires €,pc

Gauthier Durieux — Oklahoma State HEP Seminar — 23 Sep 2021
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All three-points

VYL
Yy
VYW
Yeph

ZZh, WWh

yvh, vZh

hhZ, hhvy

hhh
Wwwz
WW~
LLZ, 22y, 2y, v

Gauthier Durieux — Oklahoma State HEP Seminar — 23 Sep 2021
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All three-points
(V4
Py
PP W
Y Ph

ally
Jlizable (tree) level
<s limit of others

some yanish identic
he non-renorm
d from the massle

hhh
wwz
WW~
277, 22+, Z, A

some only arise a_t t
some can be obtaine

[see also renormalizable discussion in Christensen et al. '18]
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MatChing to SM EFT Extending results from  [Aoude, Machado '19]

Warsaw basis conventions from  [Dedes et al.

Three-point amplitude coefficients capture all orders in v/A.

LLL LRO RLO RRR

17]

eg M(lye,24,37) = wA¢Z<13><23> 4 L33 Cucyz “E(13)(23)+ Cue W [13][23]

at dim-6:
2 =3=/
g8 1 — _
Cpipz = — V2Qy ———e= \/7 [*\@W%Cwm - EV g +g’2Cw~R]

=12
R V2l — V2Y, —=

-2 =12

T
_z 2+gl2( ep _2I¢’CH~IL):|
cRRR v _ _
Sywz == _4/¢LCUW +2g7CL:B
A A B2 + g2 g2+ g”?

L _ [ RRR \*
Cyeypz =\ Cypcypz

Gauthier Durieux — Oklahoma State HEP Seminar — 23 Sep 2021

1/2’ —1/2) —1/2’1/2
1/6,1/6, —1/27 —1/2

Iu,d,e,r/
Yu,d,e,v
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b. Full four-point example: ¥y Zh

contact + factorizable terms



Contact terms

- Twelve independent SCTs:

CR{';\’R
MU (Le, 20, 32,4) = 22 13)23) + E2(3 (08, (1 2) + 05,1 - 20} 3

e (3
CREO R R RLL
+ %[13]@3) w 220 [312)[13] + wAWh (321](23)
CL'SO L R
+ w/_\th (13)[23] + Wh [321)[23] + ‘”/_\fz” (312](13)
€y zh (1 ) LLo LLO
+ ST A3)(23) + 5B e (142) + i (1-2)) 3]
where ¢, z,'s are expansions in S; = 2p;-p;

(negative power of p;-p; would cover factorizable contributions,

non-rational functions would cover loop contributions)

- Perturbative unitarity up to A > m forbids e.g. [13](23)/msA.

- For py — 0 (aka soft Higgs limit), one recovers 1 °1)Z amplitudes.
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Factorizable terms

11/)“‘ 3

z ¥ z Y z Y V4
PSS G O S
Z7’V N == N h

2 4, ) h ¥ h ) h

Leading high-energy amplitudes ~ E/m:

(12) m
(_ — 0) . — \[Tmz Cgcwz - Cécwz Czzhn ﬁ — C"IZ’th

(12) m
(+ + 0) . + \/—Trnz C{fcwz — qucwz CZZh ﬁ — C’(I;Cd)h

either vector-like fermion: Cgfwz = CQIZ)C'ILYZ _
up to O(m/N)

; e L my _ R
or Higgs mechanism: cjc,,, = CZZhE = Cyeyh
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The on-shell SM EFTs

Going on-shell avoids gauge and field-redefinition redundancies.

Massless contact terms can be bootstrapped
and replace massless operator enumerations.

Massive contact terms can be constructed systematically,
although n>4 and spins>1 are presently cumbersome.

Gauge symmetries emerge from perturbative unitarity,
for a given particle spectrum.

The machinery is in place for massive SM EFTs applications!
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