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The scalar sector of the SM

4 scalars » 3 Goldstones ;. i =1,2,3, needed for W, Z masses

» 1 scalar ¢ controlling EWSB
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The scalar sector of the SM

4 scalars » 3 Goldstones ;. i =1,2,3, needed for W, Z masses

» 1 scalar ¢ controlling EWSB

. 1 (7 +im 1 .
M(EFT k th 2) doublet H = — HTH = = (¢? 2
SM( ) packages them in a SU(2) double \/§<¢—i7r3> = 2(¢> + |7?)
ap — op gk of + ok
under SU(Z)LXSU(z)R 7Ti’_’7ri+T¢+EJ WJT
P> p— 2] ; R i linear, but mixing fields
V2
EWSB requires (HTH) = 5 and one can choose {(¢) = v
(miy =0
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The scalar sector of the SM

4 scalars » 3 Goldstones ;. i =1,2,3, needed for W, Z masses

» 1 scalar ¢ controlling EWSB

(0iTj 1
to describe EWSB: polar coordinates more convenient H = % exp [IU T ] = HH= 5(152
v

o —al i [ v 7 o ak 4+ ak
under SU(2). x SU2Q)r  mi—> i [1 + LR (ﬂ = Cotu i >] +elkq, LR

2 |7 2

¢—¢

nonlinear, but ¢ pure singlet

EWSB unambiguously requires (¢) = v
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EFT extensions of the SM

SMEFT » uses H doublet as building block PR e

Grzadkowski+ 2010
» expands in canonical dimensions (H/A) , around H =0
. . — Feruglio 1993, Grinstein, Trott 2007
HEFT » uses h and U = exp(iojm;/v) as two independent building blocks Buchalia+, Gavela+ 2012, 2013
—_— IB+ 2016, Sun+ 2022 ...

» expands around EW vacuum in (D,/A) , not in h/v nor U

? expansions are different, and scalar representations are related by a field redefinition

v+h 0 1 .
H = U U=——(AH), h=v2HTH-
V2 (1) 1//Lﬁ/l-/( ) v

> it is always possible to rewrite SMEFT as HEFT

Falkowski,Rattazzi 1902.05936
> rewriting HEFT as SMEFT requires that the theory contains S
HTH = 0 as a reachable point and that it is analytical there

SM < SMEFT < HEFT
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Geometrical descriptions of SMEFT /HEFT

Geometrical methods are introduced in this context to obviate field redefinition ambiguities.

— what are the fundamental differences between the two EFTs?
— can phenomenological signatures of HEFT be identified?

7 a formalism to write scattering amplitudes independently of the field choice

» model-independent results, can be evaluated for different theories without recomputing diagrams

s = 0 0 kins,Manohar,N Pagés 2 15, 2310.1
true for amplitudes. applications also to RGEs and matching /5] ""9 5 gn foscs 220000718, 21010683

» allow a characterization of theories that cannot be matched onto SMEFT Cohen, Craig Lu,Sutherland 2008.08597

vV

this talk: scalar sector only applications with gauge fields and fermions:

Helset+ 2212.03253, 2210.08000, 2307.03187
Pilaftsis+ 2006.05831, 2307.01126
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“Standard” geometric description of SMEFT/HEFT

the 4 scalar fields can be seen as coordinates on 4D manifold Alonso, Jenkins,Manohar 1511.00724,1605.03602
SMEFT ~ cartesian coord. HEFT ~ polar coord.
o1 ‘ 0
4 > | o2 > 27’ ] |0
@) §=| F-rmen| 28 |0
o 1
1 1 ig;
(SU(2)) H= —(¢2+I¢1> U=-exp [FU ]
A2 v

G4 — iQ3
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“Standard” geometric description of SMEFT/HEFT

the 4 scalar fields can be seen as coordinates on 4D manifold Alonso, Jenkins, Manohar 1511.00724,1605.03602
SMEFT ~ cartesian coord. HEFT ~ polar coord.
P ‘ 0
®)  §-|% F-vrmen| 28 |0
o 1
1 i nio;
(sU@) H=— (zj i iji) U= exp[ - ]

> field redefinition <> change of coordinates

> physics can be associated to geometry of the field space, independent of coordinates
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Physics — Geometry connection

The kinetic term corresponds to a metric in field space

1 . ,
L = S 0u b Pei(9) + ..

it captures all operators with 2 derivatives, up to arbitrary dimensions. e.g.

Z12n Z12n
aHHHHY = Yag g T g 0T
H'H o (H'H) = —(F 0up)’ — g = —20i¢;
(iH'0.H — i0,H HY? = 4(0,¢ tsr 6) —  gj = 8(tsr)i(tsr),

amputated, on-shell amplitudes are covariant — func. of covariant geometric properties at vacuum

A(pipj — dxdi) = Rijusic + Rikjisij

S-matrices are obtained contracting them with vielbeins (external wavefunctions) = invariant
Cohen- 2202.06965, 2312.06748
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Two main issues

A. terms with more (or less!) than 2 derivatives are not described by geometry

B. the formalism is not invariant under field redefinitions involving derivatives , eg.

oQ;

¢i—’¢i+CA2

which are used for operator basis reduction (EOMs)
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Two main issues

A. terms with more (or less!) than 2 derivatives are not described by geometry <»

B. the formalism is not invariant under field redefinitions involving derivatives , eg.

D¢i
/\2

¢ — ¢+ ¢

which are used for operator basis reduction (EOMs)

P attempts at solving with Lagrange geometry, functional geometry,
geometry-kinematics duality

Craig+ 2305.09722, 2307.15742, 2202.06965, Cohen+ 2312.06748, 2410.21378, Cheung+ 2202.06972
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Jet bundle geometry



Fibre bundle picture

we want our language to include derivatives 0,¢(x) — keep ¢ dependence on x manifest!

natural structure: fibre bundle Alminawi,IB,Davighi 2308.00017
5 T T T T T —3 25
u 17w
4k 216
19
14
11
X
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Fibre bundle picture

we want our language to include derivatives d,¢(x) — keep ¢ dependence on x manifest!

natural structure: fibre bundle Alminawi,IB,Davighi 2308.00017
" 5 ! T . T T T g25 B
4F 216
38li3 ;9
Mt 1a
1t 14
0 g g g g g

00 05 1.0 15 20 25 3.0
X
2
Minkowski spacetime ¥

w/ coord x* , metric n

= base space
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Fibre bundle picture

we want our language to include derivatives d,¢(x) — keep ¢ dependence on x manifest!

natural structure: fibre bundle Alminawi,IB,Davighi 2308.00017

725
N
. . 216
field config. space M E
. 19
w/ coord u' ]
14
= fibre .
11
0

00 05 1.0 15 20 25 3.0
X
\ >
Minkowski spacetime ¥

w/ coord x* , metric n

= base space
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Fibre bundle picture

we want our language to include derivatives d,¢(x) — keep ¢ dependence on x manifest!
natural structure: fibre bundle (E, X, 7) Alminawi,IB,Davighi 2308.00017

locally: Ex =X, x M

field config. space M

. 35
w/ coord u' M
2 |
= fibre ; )
3 field ¢'(x) : X > M
0 = section of'E over

0.0 0.5 1.0 15 20 25 3.0 ;
X # U
2
Minkowski spacetime ¥

w/ coord x* , metric n

= base space
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Fibre bundle picture

we want our language to include derivatives d,¢(x) — keep ¢ dependence on x manifest!

natural structure: fibre bundle (E, X, 7) Alminawi,IB,Davighi 2308.00017

locally: Ex =X, x M

u 7 R
. . ar g 316
field redefinition RN f E
3 ’ S i9
= M / N / 3
. N 1
change of section of / S L0 4
/ Ly, ]
N
F 41 . P .
if non-derivative: / \~ field t(i_ﬁ (X)f E - M):
. . 0 ‘ ‘ : : : : = section of E over
equivalent to diffeo 0.0 0.5 1.0 15 20 25 3.0, 2y
f:E—>E 2

example: (¢ — 1) = ¢* with fixed u) = (u — v® with fixed ¢)
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Fibre bundle metric — 62 scalar Lagrangian

the fibre bundle is a Riemannian manifold, on which we can build a metric

N\ (8ur 8ui) (dx” v i i
g = (dx* du') (gl:i g‘j) (duf> = gudx"dx” + 2g,idx"du’ + gjdu'd/

Poincaré invariance = g;; depend on v’ but not on x*, 8.i=0 A guv # Nuv

Metric to Lagrangian.

g is a (0,2) tensor on E

l pull back from E to X along ¢(x)
(0,2) tensor on ¥

l contract with n=1/2

scalar objecton ¥ = ¥
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Fibre bundle metric — 62 scalar Lagrangian

the fibre bundle is a Riemannian manifold, on which we can build a metric

g = (dx* du') (g“” g’”) (ZZ) = g dxtdx” + 2g,idx"du’ + gjdu’du

Bvi  8ij
Poincaré invariance = g;; depend on v’ but not on x*, 8.i=0 A guv # Nuv
Metric to Lagrangian.
g is a (0,2) tensor on E _ _
u' — ¢'(x)
pull back from E to ¥ along ¢(x) du’ — 0,¢'(x)
(0,2) tensor on ¥ e = &
l contract with n=1/2
1 1 . .
scalar object on ¥ = & L = nP° |:§gpo(¢) + Egij((b)apd)laa(b/]
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Fibre bundle metric — 62 scalar Lagrangian

the fibre bundle is a Riemannian manifold, on which we can build a metric

N\ (8ur 8ui) (dx” v i i
g = (dx* du') (gl:i g‘j) (duf> = gudx"dx” + 2g,idx"du’ + gjdu'd/

Poincaré invariance = g;; depend on v’ but not on x*, 8.i=0 A guv F Nuv

Metric to Lagrangian.

2 = 8o (6) + 38508

= _V(¢) same as usual geo

geometric interpretation of the scalar potential!
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Jet bundles

Saunders 1989. see also Craig,Lee 2307.15742

(2,n) (E,g) (J'E,gD)

Uy,
. Pl T
ut u'phbl b
zHAR
oA
0 b #
Jto*(-)

j)’;gzﬁ = r-jet of ¢ at x = equivalence class containing sections identical up to r-th derivative

J'E = r-jet bundle = {jl¢|x € X, € [«(m)} is a differentiable manifold. we use only JE
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1-jet bundle metric — 0 scalar Lagrangian
J grang

the 1-jet bundle is a Riemannian manifold, on which we can build a metric

(8w 8 8\ [dX”
g® = (dx* du’ dUL) g,;,' gz' gl,iju du/
g & 8 du,

= gudxdx” + 2g,idx"du’ + 2g},; dx"dul, + gj du'du/ + 2g du' dul, + gl}” duj,du/,
Poincaré invariance = gi; depend on u’, u/, but not on x*

Metric to Lagrangian.

pull back from J'E to ¥ along j'¢(x)
(0,2) tensor on X

l contract with /2

g® is a (O,ZI tensor on J1E

scalar objecton ¥ = ¥
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1-jet bundle metric — ¢* scalar Lagrangian

the 1-jet bundle is a Riemannian manifold, on which we can build a metric

(8w 8 8\ [dX”
g® = (dx* du’ dUL) g,;,' gz' gl,iju dv
g & 8 du,

= gudxdx” + 2g,idx"du’ + 2g},; dx"dul, + gj du'du/ + 2g du' dul, + gl}” duj,du/,

Poincaré invariance = g, depend on u', uj, but not on x*

Metric to Lagrangian.

pull back from J'E to ¥ along j'¢(x)
(0,2) tensor on X

l contract with /2

g® is a (O,ZI tensor on J1E

scalar objecton ¥ = ¥

llaria Brivio (UniBo & INFN) Geometric approaches to SMEFT and HEFT

u' = ¢'(x) uj, > 0’ (x)
du' — 0,8'(x)  dul, — 3,0,¢'(x)

dxt — 6%

10/17



1-jet bundle metric — 0 scalar Lagrangian
J grang

the 1-jet bundle is a Riemannian manifold, on which we can build a metric

(8w 8 8\ [dX”
g® = (dxt  du’ dUL) g,;,' gz' gl,iju du/
g & 8 du,

= gudxdx” + 2g,idx"du’ + 2g},; dx"dul, + gj du'du/ + 2g du' dul, + gl}” duj,du/,
Poincaré invariance = gi; depend on u’, u/, but not on x*

Metric to Lagrangian.
1/1,1/ PN l/ﬂl/.l i Aj v iAp '1HV ip j
Z = 577 g/w‘f'guia 0] +guja oY + Egﬁaud)a fod +gijap¢a ov¢ + Egij apau¢a v/
a redundant basis of operators with up to 4 derivatives

llaria Brivio (UniBo & INFN) Geometric approaches to SMEFT and HEFT 10/17



Scalar Lagrangian from 1-jet bundle metric: 1 scalar case

retaining only terms leading to operators with up to 4 derivatives

Euv _ M V() + [u#uu M“Pup] J(u) N [u#uy N nﬂupup] ugu’ K(u)

A4 2 A4 4 A 2 A4 4 A4 A2

B _ (a4 4 i

gt = 51E ) + 0 Fi(w) + 5,22 ()

g = C(u) + “2-D() Nty = - B(w) Nl = ™ A
pulls back to

= %ama% (C+2G +J) — Nag)E — NV

0u0,001 G A 8,0,60"90"¢

(29)(0u$0"9) (0,00"$)? D +2H + K
N2 2 A3 +

(B = Fl) = e 2 A 5
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Scalar Lagrangian from 1-jet bundle metric: 1 scalar case

retaining only terms leading to operators with up to 4 derivatives

Suv Nuw uyty, M upu” | J(u) Uply M Upu? ] usu® K(u)
Suv _ vV Npy Jpy
% 2 V() [/\4 7 /\4] > T|TA TTa A A 2

B _ (a4 4 i
gt = 51E ) + 0 Fi(w) + 5,22 ()
g = C(u) + “2-D() Nt = “CB() Nl = " A
pulls back to
P = %6M¢6”¢(C +2G+J—2E) - NV blue = can be removed via EOM
+a”a”‘fé“au¢§ + aﬂayqa/f:qsaw (B+ A —2R)+ (8u¢/\84“¢)2 D+2H J; K- 2R
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Extension to higher derivatives

metric g(") of a r -jet bundle — redundant basis of operators with up to 2(r + 1) deriv.

r-jet bundle has coordinates y' = (x*, u', Ups Ui+ = 1 “;n...u,)
. l/1. . 111‘. Uy
Euv Buj g,lyl g’;{ , dx”
Bui 8i &, & du/
. . . 1 1 11 1v1...Vr .
g = (dx* du' du, - dui, )| i 8jj 8ijj 8jj du,
Hl.ml’« H1.~~~M H1~~'~M vy H1~~~L; vi...v duf
gl,,‘ r gu r gu r gu r r V1...Uy

» arbitrary internal symmetries (or absence thereof) can always be implemented

» many redundancies! different metric entries mapping to same operators, IBP, EOM, diffeos. ..
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Connection to scattering amplitudes

next step: express S-matrix elements as a function of geometric objects on the r-jet bundle
» on-shell amplitudes A;, _; are expected to be covariant in field indices
> off-shell amplitudes and Feynman rules are not expected to transform covariantly in general

» covariant results are well established in usual geometric language for 2 derivative terms
Helset et al 2111.03045,2202.06972,2210.08000, Nagai et al 1904.07618, Cohen et al 2108.03240. . .

we start by working with the 0-jet bundle = fibre bundle first

— we should be able to reproduce the known results + a geo interpretation of the potential

Procedure:

1. derive Feynman rules from #(g). They will generally contain derivatives of g, — I, etc

2. compute an on-shell amplitude

3. evaluate at the vacuum of the theory, defined by g,,,.; = —”%a,vw) =0 Vi
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Fibre bundle geometry

Alminawi,|B,Davighi in progress

Christoffel symbols = Ap = 0pA

‘\'H(’,l]l]]ll

M, =r4=ri, =0

Muv = =5 8uv.m
ghr
rftu = Tgp’/y"
ri B gim[ ' ' .
e = 5 &mk + Gkmj — m]

evaluating at the vacuum of the theory: gu; = —1, V;/2=0 Vi

. g_im
ik = =5 [Gimk + Bmj — ]

all others =0
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Fibre bundle geometry

Riemann tensors

Rl,,=RE =R =R,

uvp ivp vip l/pl

[ O I O

vpo pm' vo om' vp
Bk B P e m
RUV FWJ + F F re F
i _riore i e
RJIW ruprw rl/prlu

evaluating at the vacuum of the theory: g, ; =

Re, =R =R, =0

vpo vij \juv
Mo TH
RUV r”’d
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Alminawi,|B,Davighi in progress

X=X Ap=0pA

‘v;\(:nnm

i i _ no__
i = Riue = Rije = Rf =0

i i i
Ry = jlk_rjkl+rkm il r/m

JT Y iz e e
Ruu rl/j i rl/lj rlprIJj - prlll
i i i P i m
Ruj erJ rl/p rw + er r;w
—NuwVi/2=0 Vi
pi _ i i i Fm_ i
Rii =Tk = Uiy + Tie 57 — T jk
= -
Ruj ruw
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Fibre bundle geometry

Alminawi,|B,Davighi in progress

Covariant derivatives of the Riemann tensors.

)_< = X‘\'i\(il]l]]ll Ab = PbA
The non-vanishing options are
Va R;pr Va R,’f,p Va Rl’f,p VaR.,o Va R,’J‘V Va Rl’fu
Va R, Va R;'ij Va RZ‘,( Va RJ';W Va R;U,, VaRiy
evaluating at the vacuum of the theory: g7 = —nMVVJ/2 =0 Vi
the only surviving objects are
Val?jk, V.R R;W Va R,’jv
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Three-point function from fibre bundle

Tl Tl I
: Va Ragua, + Va Raypay + Vay Raypa

® - 6

7 N
7 N
! S 1 ~ _ _
2 _ .2 2 _ 2 2 _ 2
P2, My, ay P3, M3, ag ) [(Pl — M)l ayapas + (P2 — M) aya,a, + (P3 — ms)razaza1]
where, using g, = —% V(¢) and Vj; = m?4:

Vo, Rbpay + Vay R jias + Vay Ry, _
6

2_31 2_32 2_33
[_ \/7313233 + ml raza3 + m2 rala3 + m3 ra132]

<+

agrees with e.g. Cohen et al 2108.03240
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2 — 2 scattering at tree-level in the fibre bundle

al\ a3
4
AN
~ 7
NP4
>
AN
g s AN il \ ’ cE
I (o F50 — ¥ N \ ’
—( V&, Vi, Rb 12y + perm - . . s
1V a Razpa N /
78 ( 313y 1234 ar a 35 a6
/l, \\\
. . 7 N
2i =g = i e N
+ [ — ?Raluaz Ragua4 + 5512 (Rala4a3a2 P Raza4a321) az / a4
i _g»% Iz Iz Iz Iz Iz Iz
% S12 — 'm2 (Vas Ramaz + val Rasuaz + Vaz Rawaa)(v% Ra3;434 + v"173 Rasuazt + VBA Rawaa)
5}

+(2<—>3)+(2<—>4)

7 calculation of higher point amplitudes can be done via recursion relations + contact vertex

llaria Brivio (UniBo & INFN) Geometric approaches to SMEFT and HEFT 16/17



Summary and outlook

» different parameterizations are adopted for the scalar sector of the SM, all physically equivalent.

when building EFT extensions of the SM, the H vs h + U field choice implemente in SMEFT and
HEFT translate into different power countings and are such that

HEFT > SMEFT > SM

» geometrical methods were introduced to obviate field-redefinition ambiguities in SMEFT /HEFT
comparisons, but are recently being developed independently, as “theory-independent”

parameterizations of scattering amplitudes
> we proposed new geometrical description using field space bundles and their higher jet bundles

) extends geometric interpretation to scalar potential and higher-0 terms
) the O-jet description works! (covariant and not overly complex)
> plans down the line:

% scattering amplitudes in 1-jet bundle formalism and interplay with derivative redefinitions
<% gauging and reconnection to EWSB and SM phenomenology
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