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The Standard Model as EFT

"Heavyphysics decouples"
(or does it??)

· Only SM dofs
· Symmetries: Lorentz + Su(3)xSu(z)x4))

Realize electrowel symmetry

linearlyor non-linearly
↑ ↑

SMEFT HEFT



Is SMEFT Enough?

"decou ling"

↳ TC, Craig,
"non-Lecamplingse Lu, Sutherland

arXiv:2008.08597

Field redefinitions obscure
relationship between EFTs



the Geometric Higgs



Scope (for now)
EFT Lagrangian includes up to

two derivatives =>defines metric & potential

Field redefinitions without derivatives

InterpretHiggs dots as coordinates
Cartesian -SMEFT

on a manifold.
Polar =HEFT



Curvature Invariants

Analog w/GR: define metric on modulispace

Note (22)=(Sij +)(2ni)(banj)
=>2HEF [E(al]"(62)2 +2 (wF(n)) "(6w)2

=>metric
Sun:E

Alonso,
Jenkins,
Manohar

9ij
=vF4bij+) artiv: 1605,03602



Curvature Invariants
2

metric-> Christoffel symbols: Tab

= =-29i;, =r='s;"
-

=E: Sin (i =Hi,j =πi)

=>Ricciscalar:

R =

- q((22F) - (2n)(=nF)]
+(l-(rnF)2]



Sectional Curvatures

The components ofB are

Rinkj =-San 9ij(n (i =πi)

Rinej=(gingrj-9ij Sue) Ki
=>R =6(xn +(di)

*Y
sectional
curvature



Geometric Amplitudes
T2, Craig, hu, Sutherland

Ex: WIWi-WiW, arXiv:2108.03240

IHEFTC rz(2/T+Tf]+2E n6i+ 2H -
t ↑ 'bar' denotes
i eval at our

.....
-

vac: 4 =0, T=0

~

⑰ -ih -
t t - ch
-

↑

...
"

π
=

-(s +t) +[mi+mi]
=(=1 -z)(s +t) +Fi[2m ++m]



Geometric Amplitudes: W!Wi -WIW,
- 2R

+ - - +

=

- g+ -
,
+-

+FE
+

=iz - F
- 4 2 - 27

using [i(h+-) = -F,unl ↓ - =- My F
- 2

Ii(+ + - - ) =2,unFE. =ZmF
we can express our amplitude geometrically,

- 2
- 2

+ e

+ Vi(n +-g4Y,(n +-)(atm I



Geometric Feynman Rules

Expand the Lagrangian:
I =29xp(y)2qx69 - V(q)

-n qu ... gun (a,u,..un 699-T, u, ...)
·-

propagator: 2- B = -m mS?= V,a5
2, Xz

Omit

vertices. : 1,x, =- i,,...an ↓
man- iP,p; Ga,;, d, ...........

1ic;n



Geometric Feynman Rules in Normal Coordinates

propagator: 2- B = gee
-

vertices. Xe--iVa...an
↑
becomes covariant
-

isit?)[Failadld;; ...........an) +O(R)
O O

+id(n - 1) m?aita........anE.(n-1)(p-n)...
/Sin I in



Geometric t(TiY; -> h"-2)
it ↳

=Si,rr Dominates as
E-

↑j

- Si"an(sic-)
+O(R2) +factorizable pieces



Perburbative UnitarityViolation
↳XI;- Engin:

↑j

Cauchy-Hadamand The relates radius of

convergence UK to size of successive

derivatives. Radius of convergence setby
closestpole in complexplane.



Perburbative UnitarityViolation
it ↳
-

I, Stg =1 =E4N)ma)(n!)"
n few

=24πUr (n!)"-> I

-12 measures curvature
2-2 + KGa at our vacuum

2 =ne U measures radius

of convergence

Many perturbative examples of Knl</
arkiv:1902.05556

see also: Falkowski Rattazzi arxir: 1902.05936; Abu-Ajamich, Chang, Chen, Luty artir: 2009. 11293



Example: Zur I.S')-2" -m2-((H).S'

Integrate out,S':(n=Ss)(r+h))
S =a,

non-decoupling
m
=
0: mostofismass from THEFT
* -v =Ech4Tw



Example: Zur I.S'(-2" -m-1(H).S'

Benchmarks

Features
· B, C, D:lower cutoffthan 2+2

· A, B, C are non-decoupling (were); D is SMEFTY



Summary
Scalar EFT (up to 2 derivatives)
can be "geometrized"

· Operator coeffs areof garla and V(9)

· Amplitudes built using On" ofRurpa (9) and [(9)

=>Amplitudes are covariant!



Summary
Scalar EFT (up to 2 derivatives)

can be "geometrized"
· Applied to HEFT to show 2=n

scattering probes distance to pole in
curvature invariant UK

· Scale ofperturbative unitarityviolation
distinguishes HEFT from SMEFT.



Whatabout field

redefinitions with

derivatives?!?

TC, Craig, Lu, Sutherland
arXiv:2202.06965 + 23xx. xxxxx

(see also Cheung, Helset, Farra-MartinezarXiv:2202.06972)



They Are Unavoidable

My yetwinguts,TuI
-

Is Is
IFT12, EEF+
-



Mess Up Geometric Interpretation

I =- v(9) +9x(9)6498 +0((Y)

Let40 +5 +Ihs(5)2258
=>2 = - v(G) -(5)

-
+0((Y)

g(q) +g(5) =curvature invariants change



Wantto Generalize Geometry
State of the art

Am geometry x kinematics

Our approach
Formalism that
puts Kinematics -

"functional
and geometry geometry"
on equal footing



Generating Functionals
Compute amplitudes using
generating functional [[5]
J(x) is source for field y(x)

We also need

IPI effective cation

- I =5x9"- w

(5x4 ==(a4x5()q(x)



Lovariant Amplitudes
Take amplitude t and strip LSEresidues

I (p. ... Pn) = - zt(p, . . . Pn)
Go to position space

(2i)YSYp....Pn)It =S(Id*;e*:) Mx,...x15
=0

I wwIMx,...x = - (- iDy) ... (-iDIny 55,, ... 5n - Yn

"Covariant amplitude" inverse propagator



On-shell Conditions

To
go
from 7-1, mustimpose
I =0 and pi =m? for external lines

This ensures thatonlyphysical
pieces of M contribute

Equations ofmotion, St =J=0
SY-F)On-shell legs: spyls-o-iDYI0



Off-Shell Recursion

Will argue thatI satisfy
replace

Mx
,
... xnxMy, ...-Gxi,.....

=XMx,... Xn "increase rank of
tensor byacting

50 = encodes all-pts w/ covariant derivative"

FunctionalI
Christoffel Gx =iDY*Maxx=iDYsg
symbol



Off-Shell Recursion

Constructamplitude out of

K-point IPIvertices: -squ
(full) propagators. DY



3 Ways to Add a Leg:

⑰ -Yut ⑰ -Yut-yo -yo -⑰ yn -> ⑰- in
/ ..... - I

⑭
- -

- i - iSpe -> sefisgy]



3 Ways to Add a Leg: 2
X

-

I
: -> ⑰
- /z, TzI- YI -

Yz- ⑰ 0
....,

IPE

...

DY->DY*[-issg= DY*



3 Ways to Add a Leg: 3
- ~

x, X

* ③ ~
x,

= - ⑦⑦ ⑭IM
S W

Xr
Xi
/ &

S W
Xr

replace

M,...xi... X - -ifist DEY2x, ......
-- Ex: Mx, ... ... An



Berends-Siele Recursion

Enforce J =0 Nucl. Phys. B306(1988)

Define G2, ... a
=iDYMxx, ...

which satisfy6"x...xx =(xEK,...x

Berends - Siele recursion follows from

9 =Fx -n (G1,...(5=0)4... Ex
w/(x =(iD +

(=
=
0)5y



On-Shell Covariance

Attree-level, P19] transforms as a

scalar under field redefinitions ((x)+G(x).
↑[5] =35] =(957] =4/94577

=>Ex....m =

(...)My,...yat Hx, ... An
Vanishwhere Ux,... xn =ax,...xy, on-scels↓

+Eby, .......ye



On-Shell Covariance

Functional metric. - i DI,-
Functional inverse metric. iDY

Functional Christoffel symbol:
6,x =iDY

= 83)- r)
5959



Connection to Field Space Geometry
Let2 =

- V +19ab29:29b

Then gli (dix, dizd"y e
ip, x, +ip,x-ig

I-[6is(X,,x,y)/wai=o
=(2i)"S"(p, +Pz - g) 9 "(9da,+9db,a - gab,d)
=>So reduces to Christoffel symbol

/Similar storyfor functional metric)



But
all curvature invariants

evaluate to zero...

Does functional
manifold exist???



StayTuned
Formal proofofon-shell covariance

Extension to one-loop
Reproduce geometric softtheorems

Cheung, Helset, Parra-Martinez
arXiv:2111,03045

E cometric
O 0

05interpretation?



Summary
We have presented an interpretation
of field redefinition invariance as an
"On-shell covariance."

We demonstrated how one can

recursivelyconstruct amplitudes by
acting with a covariantderivative.

LSE stripped amplitudes transform
covariantlyup to term that vanish on-shell.



Outlook

What is "Functional Geometry?"
Connection to jetbundles?

Craig, Lee arXiv: 2307.15742
Alminawi, Brivio, Davigh:arXiv: 2308.00017

Insight into finding optimal basis choice?

Charictorize allowed space of

field redefinitions?



Backup Slides



SMEFT(r =0)

LetI be an O(4) vector

9 =0g
sumxac +

custodial

symmetry

IdentifyH= i (9,"C
S.t. XHY=0 > 194) FO



HEFT (v =0)

Non-linearlyrealized sym breaking
0(4)/0(3) Calan, Coleman, Wess, Zumino (1969)

↑ (physical Higgs) G =(v +h)i

↑(Goldstone bosons)
n
=Tz/r

it.S n.n =1 ~M I
My

= FiI



HEFT (v =0)

0(4) transformation: h =h,n =0n
=>i in non-linear rep

IHEF+= [E(n)] "CC23" +[rF(n5sn
- V(h) +0(2") Xh) =0

(E(0) =1 is canonical norm)



HEFT - SMEFT?

Map: IH
=

I. =I(u +h)2

12H1 =[(64) =(24) +i(r +h)(85)

(2(1/2)
=(9.65) =(r +h)(6h)

2

Naively.
IHEF+IN14-

+Y(IN) + OCEY) Analytic & IH1=0?



Field Redefinitions ofh
Let

2 =i) +2)Y) +I(r +h))))- v
-(1 +

+2)IH

) INY2 -51-
Looks like no SMEFTexpansion...



Field Redefinitions ofh

But let h,
=h+ th2 (win?fin)

=>Gah,=(+)Gah
and (v,thi)* =(v+h)2/+) 4 =u

=>I =I((h)+(r, +h.)(65) +V
=16H,1 + =SMEFT!



Field Redefinitions ofh

We learned thatanalytic field redefs
of h can obscure analyticityin
terms of H.

Field redefs within HEFT can

obscure SMEFT

Can we make field redef invariance of

Observables manifest?



· EFTis useful for parametrizing BSM
·SMEFT: linear realized EW sym

decoupling manifest

non-linear realized EW sym
· HEFT: useful when new physics scale

is near v

· BSM state gets all mass fromH
·HEFTrequired

· BSM source ofsym breaking
· HEFT violates unitarity& Se4U)
· Viable Loryon Parameter space exists!



HEFT (v =0)

Does HEFTknow that THY =W?

AJM =there mightbe special place
on manifold hy: -V where

0(4) symmetryis manifest

Determined by F(hx) =0
#

h =hxexists -

HEFT- SMEFTpossible



see paper
for proofCurvature Criterion-

AHEFT can be expressed as SMEFTiff

1) F(h =hx) =0: candidate 0(4) invariantpoint

2) The metric isanalytic & ho

· F &have convergentTaylor expe ha
· Curvature invariants (82n)B are finite & h

3)The potential is analytic ene
· U has convergentTaylor expe ha
· (02) U are finite & ha



HEFTis a Black Hole

Conjecture: Checking finiteness ofRV
is sufficient.

Two classes of models need HEFT:

·
BSM StategetsConical singularityall ofits mass from H

Horizon: BSM sources of symmetry
breaking



Conical Singularity
Ex: Singlet w/SIH*dS =tree level

=>R(h =

- v) =Nq(Ng + 1)

finite w/m20 but diverges as m2 = 0

Ex: Singlet w/ STH = loop level
=>R(h =

- v) =i2mzNq(Nq+1)
butRIm2=0=e->-4 --v



Horizon
We provide three examples in paper.

Rely on "EFTsubmanifold"picture
Ex: Abelian toy model m/vers for

5physical
vac

I A physical
> E vacMBsM
/
-

SMEFT x
M5mO

7

fixed no SMEFT
fixed trajectary point trajectorypoint

=>HEFM



No Curvature for Functional Geometry
Connection:Gx=-iDY,zxx

=>GY,xx- - (iDY],Yzxx - :DYN
, zx,xzx3

-[iDWE] F,wtx [iDYY] T,zxxz
- iDY, zx, x2xs

and GWxs54x2 =[iDW Ywtxs [iDtY]Y,zx,x
-O

=>R,x=6x66x(x,x) =- iDYzx,xx3 +4x2x3]


