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Physics Beyond the Standard Model

* The shortcomings of the standard model indicate the presence of
new undiscovered physical theories

* EFTs serve as a primary method of probing new physics using the
standard model as a base

* SMEFT and HEFT emerged as the main EFT extensions of the
standard model
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SMEFT vs. HEFT

* In the standard model effective field theory (SMEFT) the Higgs
boson is embedded in an SU(2) doublet

* In the Higgs effective field theory (HEFT) the Higgs boson is
introduced as a singlet

* |n terms of expansions we typically say:
* SMEFT: Expansion around the EW-symmetric point
* HEFT: Expansion around the EW-vacuum

R. Alonso, E. Jenkins, A. Manohar., arXiv:1605.03602
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SMEFT vs. HEFT: Motivation for Geometry

* While mapping SMEFT to HEFT is well defined, the map from HEFT
to SMEFT is plagued with singularities in the scalar sector.

R. Gomez-Ambrosio, et al., arXiv:2204.01763

* Singularities may be non-physical —» S-Matrix invariant under the
map — S-Matrix could be expressed via geometric invariants

R. Alonso, E. Jenkins, A. Manohar., arXiv:1511.00724

* If any of the singularities introduced by the mapping are physical,
then the HEFT theory cannot be expressed in terms of SMEFT

T. Cohen, et al, arXiv:2008.08597
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SMEFT vs HEFT: Physical Singularities

* Aphenomenological difference
between the two extensions would
likely emerge in such a scenario 3

T.Cohen, et al., arXiv:2108.03240

A

* Loryons serve as a simple example

f o0 &J
of such a situation. By acquiring _.3\&
more than 2 their mass from EW X
symmetry breaking they require ) S .
HEFT 0 3 6 0 5 1

r r
T. Cohen, et al, arXiv:2008.08597

R. Alonso, E. Jenkins, A. Manohar, arXiv:1602.00706
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Geometric formalism of EFTs

* Treat fields as if they are coordinates on a manifold M equipped
with a Riemannian metric g

* Two derivative term in the Lagrangian comes from the metric
1 . .
L =59:ij0,9"0"¢" = V() + 0(0%)
* Physical amplitudes related to tensor on the manifold M

2
V;((Il(lzr!(;()zq) + § (’C’IIQR(xl((x;;(x/l)(xz + SIJSR(n(ugu,l)rx;; + 314Ra1(t12u3)u4)

Two-to-two scattering. T.Cohen, et al., arXiv:2108.03240
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[Stanolarol Geowmetric Formalism: Mathematical De‘todls]

Fields as coordinates on a manifold M weM
Introduce a (Pseudo-)Riemannian metric on M g=gij(u)du' @ du’ : TM x TM — R
( Pullback to space-Time along a map \ ( o:X—- M \
Coordinates pu“back to fields (qﬁ*uz)(w) = uz(qb(:c)) = sz(m)
One-forms pu“lmck to derivatives (¢"du’)(=) = du'($(z)) = d¢'(z) = 04" (w)d"
K‘l"wo derivative term provided by geometr(/j k 99 = 9ij(¢(2))0,4" 0, ¢’ dz" @ dz” )
Potential must be added in by hand V(p(x)) & ¢*g
Formalism limited to two derivative terms ddu =0 = 0,0,¢' £ ¢"9g
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Fibre Bundles

* Aim to obtain the entire Lagrangian from geometry
1, _ *
L=-(n""¢"g)
* Replace manifold M where fields are coordinates with a manifold E
with both space time coordinates x* and “field coordinates” u*
* Introduce a map from space-time to the manifold; m: X - E

* Map has local inverses ¢ called sections which become our fields

* Field redefinitions become bundle morphisms
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[ Fibre Bundles }
(A bundle consists of a: \

Total Bpace Loca“y the bundle locks like a direct

Base Space product of the base space and the
& Surjective Map J Hbres
1 E=2XF /

: y
= |
It
W r

At every Point in the bundle local inverses to the Surjec‘tive map
exist. The maps are called sections
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[ Fibr‘e. BMV\AIQS Ge_ow\e_‘tr(/ J

Locall fibre bundle admits Fibred :
[ o coor::‘nate: = = (VP Bl i od WHHIE Ep]
The coordinates na‘tura“y SPlit nto Ep, = (M x X)p
fibre and base coordinates — u € M,z* € X

consists of
four blocks 9ui  9ij

A wmetric on E (Q,uu gm-)

f

o Pomcare invariance 0
< m l‘es the off- ( Guv )

ohagona[ blocks

vanish
.
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Lagrangian from Metric

e After Poincare invariance
g = gupdx* @ dx'|+
¢ (...)

gt = -V(¢) c L

* Scalar potential is now geometric!

gl-jdui R du’

\“m

giin*’o,¢ta,¢’ c L
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Jet Bundles

* Given a smooth fibre bundle (E, X, m) we can extend it to create a
jet bundle

* Ateach pointp € E we define equivalence classesjggb. The set of
all equivalence classes is a smooth manifold J1E

 The manifolds X, J1E create the first jet bundle (2, J*E, ;)
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[ Jet Bundle Geowmetry ]

B JIE—\
—
¢*(z") = " Field!
ﬂ" o Z N P
¢*(u') = ¢'(z) M i i
Uu "U,'u
/'\ i
U
Mk
] N
S |/ £
= xrH b3 T /a:'“ zt
N )
jte* (") = =" it (u') = ¢'() j'¢"(ul) = 8,6 (2)

&[sca[ar Fields W(JQE

Derivatives!
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(Equivde_nce_ Classes \

¢, € Jpd

1. ¢(p) = ¥(p)
9 0¢ o u _Bwoui
T P VT

\_ _J
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Geometry on Jet Bundle

* The first jet bundle introduces an additional coordinate ufl thus
the metric becomes

Juw Yui gl;{ dx
g = (dx“ dui dullt) g,ui gl] guv de
gui 9y 9i; ) \4%

* The coordinates are independent on the manifold J1E
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Lagrangian from Jet Bundle Metric

9 = guvdx* ® dx"/H giydut @ du’ [+ gl du) ® du,

+giudut @ dxt + g duy, @ du i+ g duy, & dxV

gin*vo,¢'0,¢’ c L

g™’ = =V(p) + - CL 9t nP?0,0,¢'0,0,¢’ C L
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[Geometric formulation of Amphtuo(es.]

[Lagrang?an derived from metricJ

v

Feynman rules expressed J

as derivatives of the metric

v

Gevi-(livita Connection

\

)

Feynman rules can be rewritten m

terms of tensor and non-—tensor
geometric oBJe.cts

S-Matrix invaraince

T
J under Field redefinitions

/ ( Plnysical aw\(ah'tuo‘es are \

entire.[t/ expressed n
terms of geometric
tensors. 4 rela‘t?onslnip
between geometric objects
and Pl«ys?cal signals can be

k established )
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Three Point Amplitude on 0-Jet Bundle

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

( (vangxLumg + vazRa”mq T val Rffgp.ug)

2\ 2 2\7 2 2
W (P —m )Fulu.zug + (p2 - 'N)f:g)ru-zu.lag i 3 (p3 _ Tnf,‘j)ruyzzul)

* On-shell only the tensorial piece survives

* Agrees with results from previous formalisms

2 £ 27 [T. Cohen, N. Craig, X. Lu and D.
v,ab"y — TnaFa[jfy — T”»[grﬁ'ya m F'yaﬁ Sutherland, arxiv:2108.03240]

HIGGS - Uppsala 2024 18



Diffeomorphisms and Tensors

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

o I o -] o K o L
RUKL(X)dXIdX]dXKdXL R RI]KL(f(x)) O(fox") 0(fox’?) 0(fox™) O(fox )dXAdXdeCdXD

oxA dxB 0xC oxD
 Adiffeomorphism ofthe formu — f(u) = u + c,u™ withn > 2is
special since at the pointu = 0 we have _
d(fou)
Iimf(u) =limu=0 lim —— = !
u—>0f( ) u—0 u—0 ou’ J
e Tensors are invariant under such a transformation at the vacuum
just like amplitudes
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Two to Two Scattering

1

. 1 L 2
1 (@ (vu] vuz liil:iﬂ-a/i - li),.’g] vaz 1653#“4 * p()l‘HlS( 1 234)) B (5 - lgal (a3a4)az

1 a5a6 :
+ ( 9 5 (Va_,, R pean -+ perms(125)) (‘\7,,6 Rbspas + perms(346))) + cycs(234)))

144 \ 519 — mg
ai, p1 as, p3 ai, p1 as, p3
\\ // \\\\ !//,
\\ y \\ -
\<’ B  >=——===== <_ G
// “ ,/’ \\\
// k. az, p2 aq, P4
a2, p2 a4, Pa
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Two to Two Scattering

(1 z : 2
’I(ﬁ vtnvuz Rfl:ma,; - anuaz 1353;;“4 B p()I‘HlS(1234)) - (g‘qmual(“fi“‘i)“?

1\ g5a6 | (
- . =l Vg RY, jias + perms(125) ) [ Vo, Riapas + perms(346) + cycs(234)
144\ s12 — mg 7\
ai, P1 as,P3 at, p1 as, p3
\:<’ (15\}- -------- -<:/(L6
a ) ag, pa as, pa
az, p2 4, P4 ’ ’
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Conclusion

* Jet Bundles provide a way to describe scalar EFTs geometrically to
any order.

* Amplitudes are naturally related to geometric invariants.

e Geometric differences between theories can be related to
physical observables.
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Outlook

* Automation of computation of amplitudes in terms of geometric
tensors — Coming soon!

* Introduction of gauge field to the bundle formulation — In progress
* Renormalization of scalar theories on the 0-jet bundle- In progress

* Computation of amplitudes on 1-jet bundle and beyond
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