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D Scalar Effective Field Theories
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p Outline

* Motivation for geometric formalism

* Motivation for bundle formalism

* Introduction to bundles and jets

* Non-derivative field redefinitions as diffeomorphisms

* Amplitude calculations on 0-Jet bundle
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P Motivation for Geometric Formalism

* SMEFT and HEFT are the main way to extend the standard model

SM c SMEFT ¢ HEFT
* Map from SMEFT to HEFT is well defined. Inverse is tricky.

* Exploit geometric techniques to identify when HEFT is needed.

[T. Cohen, N. Craig, X. Lu and D. Sutherland, arXiv:2008.08597]
[R. Alonso, E.E. Jenkins and A.V. Manohar, arXiv:1602.00706]
[R. Gomez-Ambrosio et al., arXiv:2204.01763]
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D Motivation for Bundle Geometry

* Previous geometric formulations
[R. Alonso, E.E. Jenkins and A.V. Manohar, arXiv:1605.03602 ]

1 . .
L = Egij(')uqb‘(')“gbf -V + 0(64)
[A. Helset, A. Martin and M. Trott, arXiv:2001.01453]
* Using jet bundles1

L = Eguauqblaﬂgb] —V + 0(64)

[M. Alminawi, I. Brivio and J. Davighi , arXiv:2308.00017]
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D Motivation for Bundle Geometry

* Full Lagrangian obtained from geometry

1, _ . .
L=5(77 L") g)
* Transformation rules of physical amplitudes indicate that they are
combinations of momenta and tensors

2 — — —
V;{ul(;tzr;tgtkdj + g ('SIERHI{(I;5(14)QZ + 813 erl{ug(kdjflg + 514Rfll{ﬂ2ﬂ3)ﬂ4)
[T. Cohen, N. Craig, X. Lu and D. Sutherland, arXiv:2108.03240]

* Only tensors that can be constructed from a metric with a torsion

free connection are of the form V*R™ where n, m are integers
[M. Alminawi, I. Brivio and J. Davighi , in progress]
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P Whatis a Bundle?
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P Whatis a Bundle?

* Consider two manifolds X and E with coordinate charts {x"} and
{x“,u‘} and amap m: X — E then the triple (%, E, m) forms a bundle

* Local inverses to the map i are called sections ¢ and they are
defined by
¢ oxt = xt
¢ oul = ¢!
* Sections give us the tools to obtain fields and their derivatives
from coordinates on bundles

D. J. Saunders, The Geometry of Jet Bundles, doi:10.1017/CB0O9780511526411
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P Whatis a Bundle?

M
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P Whatis aJet?

* Two sections ¢, Y are called 1-equivalent at some pointp € E if

we have ( ) ( )
d(¢p out d(Y out
b®) = P(p) L =,

* The equivalence class containing ¢ at p is called the 1-jetand is
denoted j, ¢

* The set of all 1-jets is referred to as the 1-jet bundle and it
naturally has the structure of a smooth manifold
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D Field Redefinitions on Bundles

* A non-derivative field redefinition in the Lagrangian is equivalent to
a diffeomorphism on the bundle

* Consider transformations that leave spacetime unchanged

its

fo JIE JIE
E > E J{’J‘Tl,n J{PLU
\ / E / s B
w P \ /
™ p
2 2
Morphism on 0-Jet Bundle Morphism on 1-Jet Bundle

Equivalenttoy = fz ° ¢ Equivalenttoj'i = jif o ji¢
J
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Diffeomorphism vs. Coordinate
Transformation

<

* Tensors are coordinate independent, thus a coordinate transformation
x — y(x) leaves the metric unchanged S

dx' dx/ Jvagyb —

aya ayb y y — g

* In contrast a diffeomorphism of the form x — y(x) transforms the
metric as follows

g = g;;(x)dxtdx’ = g'qp (y(x))dy*dy® = g;;(x)

b
oy” 0y ~dxtdx/

dxt 0x/

g = gij(x)dx'dx) - ggp(y(x))

dxt dxJ
* Where now g, (y(X)) * gij(x) a;a a;b
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P Amplitudes on 0-Jet

* Poincare invariance implies that our metric is block diagonal

Juw O
0 g

* Where g,,, = —%nWV has dimensions determined by spacetime
and g;; has dimensions determined by the number of fields
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P Three Point Amplitude on 0-Jet Bundle
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P Three Point Amplitude on 0-Jet Bundle

* Label the particles 1,2,3 and their flavors by a4, a, , a;

* Label quantities evaluated at the vacuum (typically ul = 0) with a
bar g;; = g;;(0). Derivatives denoted by a comma 0, g;; = gijk

* The Feynman rule for a 3-point interaction is given by

1y = 1 _ 1 _ L1
En Juv,aiazas + Egalaz,agpl ‘P2t Ega1a3,a2p1 "P3 Egazag,,alpz "P3
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P Three Point Amplitude on 0-Jet Bundle

* The momenta fulfill
ps = (py +p2)°
* The Christoffel symbols are defined as
Ik = > Gk + 9k — 95k1)

* For the momentum independent term

V5 — H 2 2 2
r’“ ng',al a,as — Va3Ra1M a, _ Z(ml Fa1a2a3 + mZ Fa2a1a3 + m3 Fa3a1a2)
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P Three Point Amplitude on 0-Jet Bundle

* Accounting for the symmetry factors the three-point amplitude is
given by

1
1 (6 (Va3 Rﬁ”:.ag + th:g REIILUH + Vﬂl Rﬁﬂ-‘mﬁ)

T (p% o Tn‘%)ralagag + (I:% o 'Tn'%)]-_’ﬂ.galag + (p§ T 'Tn',%)ragagal)

* On-shell only the tensorial piece survives
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P Two to Two Scattering

ay, p1 a3, P3
as Sr=-------- <" ag
as, P2 a4, P4
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P Two to Two Scattering

* Contributions from gluing of three-point interactions and from
contact terms

* Momenta degrees of freedom exist unlike the three-point
amplitude

* On-shell the amplitude should be given by products of 5,5, S13, S14
and VPR™ withn,m < 2

Mohammad Alminawi - HEFT 2024
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P Two to Two Scattering

!
(12 ( i vﬂ-ﬂ Iﬁgnaq + 1III|'_"Iru‘gvln;] Iﬁg#ﬂ.q + vul vIn:g Ieﬂq,uﬂ.g + vudvn] Itﬂq,ﬂﬂ.g + vul vuq Rﬂ.g,urlg

+ ?m vm Rﬁajmﬂ + ?ﬂ: vﬂﬂﬂﬁuﬂh + ?ﬂm vﬂzﬂﬁuﬂh + vﬂ: vﬂ--l Rﬁuﬂm + ""_""m vﬂzﬂﬁuﬁm

1
+ vﬂ:—] vﬂ-d jﬁgl#ﬂz T ?ﬂq vﬂ-:tﬂlﬂﬂz) o E (Rﬂ-li-"ﬂ.! Rgg,r.m.q + Iiﬁ'l”ﬂs Rgg,r.m.q Rﬁ-lff"ﬂ-d Ru.g,uﬂ3)

1
- Ti 312 J-qn,] (L4 {130 + Ru.gudu;iul + 813 Rf.l]_ﬂ.-]_-l'.l:._l-l'l_;j + Ru;j.u.ju.gm] + 514 Rﬂ]_lugﬂ::j'll.j + Ri‘!-.-j_l'.l:_gl‘l-;gﬂ]_

1 G5 a6
— 36 - HLE {vﬂr Rj:”brk_g v{u R-f:ﬁ;uxg + vﬂz Rﬁ] JuiLs }{?ﬂﬁ R'ﬁ'ﬁj.rq vrl:{ L + ?m R'f::”u{ﬁ]
12 — fitg

+(2{—}3}+(2{—>4)))
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p Diffeomorphisms and Tensors

* Under a general diffeomorphism f the Riemann tensor is not
Invariant

(o] I (o] ] (o] K o L
RUKL(x)dxldx]dede N RI]KL(f(x)) O(fox") 0(fox?) d(fox™) 0(fox )dxAdedxCde

dxA dxB 0xC dxD
* Adiffeomorphism of the formu - f(u) = u + c,u™ withn = 2 is
special since at the point u = 0 we have |
o(foul)
Imf(u) =limu=0 lim —~ = 4!
u—>0f( ) u—0 u—0 ou’ J
* Tensors are invariant under such a transformation at the vacuum
just like amplitudes
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D Scalar Curvature

* The Ricci Scalar R is also not invariant under a diffeomorphism f.
It transforms according to

R(u) = R(f(w))

* At the vacuum, a diffeomorphism of the form discussed earlier
leaves the scalar invariant since

lim R(f(u)) = lim R(w)

* Disagreement of Ricci scalars at the vacuum indicates that the
physical amplitudes are different.
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p Conclusion and Outlook

* Jet bundles offer a path to write a Lagrangian of any derivative order in
terms of geometry

* Amplitudes are combinations of geometric tensors
* Non-derivative field redefinitions are diffeomorphisms on bundle

* Derivative field redefinitions as maps between jet bundle orders (in
progress)

* Incorporating gauge fields and fermions (future goal)

Mohammad Alminawi - HEFT 2024
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Thank you
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D Loop Diagrams

* Consider the 1-loop correction to the propagator
p3

P1 P1

f 44 D3 a5 3406

(2m)* (p3 — m2)((p1 + p3)? — m3)

1 . . . .
(E {vﬂﬁﬂﬁﬂlﬂﬁ + va: Rj:r:ﬂ"u + ?ﬂ-ﬁ R*ﬁﬂmﬁj + {pfi — TIJ'E‘i]Pﬂﬁﬂzﬂﬁ + [{T*” + pﬁjg - 'mfﬂrﬂﬁﬂ:ﬂ-ﬁ>

1 . . . .
(E{vﬂﬂﬂ*ﬂuﬂm + v41| I::-.'Fud + vﬂd jﬂ-111 JH!-:-;] + (p‘i - ﬂlﬁ]r‘ﬂﬂﬂ'lﬂd + ((m + pﬁ)ﬁ - ﬂl‘ﬁ}rﬂmmn)
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P Riemannian Metric on Jet Bundle

1
L—E(U

1, (") g)

') g =|gpdx* @ dxV

_|_

gijd9’ ® dep’ |+ gt de), ® dp)

+9i,d¢’ ® dxt+ gl.dol ® de’ [+ gl dd), @ dx"

gijnuvauqbiavgbj cC L

guvrluv — V(¢) + e
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