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Abstract: Experimental searches for new fundamental physics are increasingly adopting an Effective Field Theory (EFT) approach, in which the
phenomenological effects of the underlying high-energy (UV) physics are parametrised by a series of EFT coefficients that can be readily compared
with data.

While pragmatically useful, this begs the question: what UV information can be extracted from our measurements of these EFT coefficients?

In this talk, | will describe how scattering amplitudes techniques ("sum rules") can establish precise connections between EFT coefficients and the
underlying UV physics.

In particular, | will focus on recent progress in applying these techniques in cosmology, where they have been used to connect our large-scale
measurements of dark energy, gravitational waves and the CMB with properties of the underlying UV completion.

Zoom Link: https://pitp.zoom.us/j/997407674442owd=0OTMxWIV DY itSTX dK dmIFRWxhdGI1dz09
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Introduction to EFTs

- Effective Field Theories (EFTs) use a derivative expansion to capture

the effects of high-energy fields which cannot be directly produced.

Schematically, elSEFT[L] — fDH elSuv[LH]
= Lgprll] = (OL)* —m2L* + ¥, , Crg 0™LA

At low energies, can neglect interactions with many derivatives.
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Introduction to EFTs A Energy S

- Effective Field Theories (EFTs) use a derivative expansion to capture I H
the effects of high-energy fields which cannot be directly produced. w7 KA
+ Schematically, etSeFtll] = [ DH etSuvILA] \Q/ \(/
= Lgpr[l] = OL)* —m2L* + ¥, , CTEETOT‘LQ
At low energies, can neglect interactions with many derivatives.

In principle, the EFT coefficients are determined by the underlying
heavy fields which have been averaged over. T My

In practice, do not know this heavy physics a priori, so Lgpr[L] is
used as a model-independent template to fit/analyse data.

L
(i.e. we treat the C;" as free parameters).
w—7
For example, SsMEFT = Ssm + Z] CjEFTOj[SM fleldS]
SGrerT = Ser[Guw] + C1 " 8S1[gu] + C3F 1882 [gum] + -+
Serr|L]

Pirsa: 23020060 Page 5/40



Introduction to EFTs

- Effective Field Theories (EFTs) use a derivative expansion to capture

the effects of high-energy fields which cannot be directly produced.

Schematically, elSEFT[L] — fp[-[ elSuv[LH]
= Lgprll] = (OL)* —m2L* + ¥, , Crg 0™LA
At low energies, can neglect interactions with many derivatives.

In principle, the EFT coefficients are determined by the underlying
heavy fields which have been averaged over.

In practice, do not know this heavy physics a priori, so Lgpr[L] is
used as a model-independent template to fit/analyse data.
(i.e. we treat the C;" as free parameters).

For example, SsMEFT = Ssm + Z] CjEFTOj[SM fleldS]

SGrerT = Ser[Guw] + C1 " 8S1[gu] + C3F 1882 [gum] + -+

N
Suppose we measure one or more EFT coefficients.

What can we learn about the underlying high-energy fields?
J

J/V

o
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Outline

UV/EFT Relations from Scattering Amplitudes

A Dark Energy Example

An Inflationary Example

Beyond Scattering Amplitudes
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Scattering Amplitudes

+ The probability amplitude to transition between 2-particle states,

(p3p4|7"|p1p2> = A(s,t) §*(p1 + p2 — P3 — P4)

depends on only two Lorentz-invariant variables,

s=(p+p2)% t=(p—p3)* .
tz*“//& //\/T|P1p2>

|

YA

* In terms of 4, the EFT derivative expansion is a Taylor series in {s, t}.
atb

. . s
AEFT(S» t) = light physics + Za,b CEII:T M2a+2b
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Scattering Amplitudes

« The probability amplitude to transition between 2-particle states,

(p3p4|'f"|p1p2> = A(s,t) 6*(p1 + p2 — P3 — P4)

depends on only two Lorentz-invariant variables,

s=(p1+p2)? t=(p1—p3)°
e/ N Tl
* In terms of 4, the EFT derivative expansion is a Taylor series in {s, t}.
: : Geh
Agpr(s, t) = light physics + ¥, cap M52a+2b T

T
t = —
- Simple example: for tree-level exchange, //X/ \(\/ Ip1Dp2)

Siv >:< = >—<+>_< m2-s M21—s
>:< - >_< +2n 32n m2 -5 Z’"MZS:+2

SEFT
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Scattering Amplitudes

+ The probability amplitude to transition between 2-particle states,

(P3P4|T|p1pz> = A(s,t) 6*(p1 + p2 — P3 — P4)

depends on only two Lorentz-invariant variables,

s=(p1 +p2)% t=(P—p3)°

* In terms of 4, the EFT derivative expansion is a Taylor series in {s, t}.

atb

. . S
AEFT(S» t) = light physics + Za,b CEII:T M 2a+2b

' : AgFr:
- Simple example: for tree-level exchange,

L3

l = > 4%, = s

SEFT
d

|
Ng|
3
=
S
N

SUV >:< = >;< +>V< m21—s+M21—s

the EFT expansion replaces a pole at s = M? with infinite series
which has finite radius of convergence at s = M2,

Pirsa: 23020060
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Scattering Amplitudes

* In general: loops produce branch cuts as well as poles,

Ayv (s, t) = light poles/cuts + heavy poles/cuts

atb

. S
Agpr(s, t) = light poles/cuts + X, g T ~7a+7b

Key
observation [ Causality = A(s,t)isanalyticforIms # 0 ]

#1:

Proven rigorously for a massive scalar field.
Beyond scalars, assume analytic structure is same as in perturbation theory,

Pert.th. = A(s,t)isanalyticforalllms # 0

Pirsa: 23020060
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Scattering Amplitudes

AUV:
* In general: loops produce branch cuts as well as poles, / CUV\
Ayv (s, t) = light poles/cuts + heavy poles/cuts
. EFT Satb TETTETIEER #hz , =
Agrr(s,t) = light poles/cuts + X.; , Cop 7av7p m M?
Key \ /

observation [ Causality = A(s,t)isanalyticforIms # 0 ]
#1:

=
Proven rigorously for a massive scalar field. I L
Beyond scalars, assume analytic structure is same as in perturbation theory, A _
. . EFT-
Pert.th. = A(s,t)isanalyticforalllms # 0
- Since EFT coefficients can be extracted via contour integration, CEFT

(BT 6”1 ds A(s,t)
Copp 2TEL ST le=0

Cauchy’s theorem gives rise to “sum rules” that connect UV/EFT:

EFT abf ds A(s,t)
CUVZm sa+l li—g
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Positivity Bounds

AUV:
- The modern twist on these old ideas is to write the UV contour
integral as an average over high-energy states.
- Explicitly: introduce P, J (translations/rotations in scattering plane) :
and define the average over 2-particle states: m2 M?2
(72b> 0 ds < - JZb - \ /
€ — haiad Tt<_ T
(pZa P2 12 M2z 5 \P1P2 pza | | P1P2

Key Uni : ds A(s,t) Jzb
nitary time b ad] g_
observation Y = 0 fCUV ol sa+1 le=0 X <p2a) . |l
4. evolution P2>M 0

(see e.g. [Davighi+SM+You, 2108.06334]) A .
EFT-
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Scattering Amplitudes

AUV:
* In general: loops produce branch cuts as well as poles, / CUV\
Ayv (s, t) = light poles/cuts + heavy poles/cuts
- - Satb N . N >
Agrr(s,t) = light poles/cuts + X0, Cop - ~7av7p m M?
Key \ /

observation [ Causality = A(s,t)isanalyticforIms # 0 ]

#1:
=
Proven rigorously for a massive scalar field. I L
Beyond scalars, assume analytic structure is same as in perturbation theory, A _
. . EFT-
Pert. th. = A(s,t)isanalyticforalllms # 0
- Since EFT coefficients can be extracted via contour integration, CEFT

(BT abj ds A(s,t)
Copp 2700 ST =0

Cauchy’s theorem gives rise to “sum rules” that connect UV/EFT:

CEFT — abf ds A(s,t)
. V27ti sa+l li—g
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Positivity Bounds

A UV : Scott Melvil‘e
- The modern twist on these old ideas is to write the UV contour
integral as an average over high-energy states.
- Explicitly: introduce P, (J (translations/rotations in scattering plane) :
and define the average over 2-particle states: m2 M?2
(72b> 0 ds < - JZb - \
€ — haiad Tt<_ T
(pZa P2 12 M2z 5 \P1P2 pza | | P1P2
Key Unitary time — b [ £M| . <¢7_2b) =
obse;\ftlon evolution t Joyy 2mi sat1 1t=0 pz2a P2~ 2 ”

(see e.g. [Davighi+SM+You, 2108.06334])

Agpr:
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Positivity Bounds

- The modern twist on these old ideas is to write the UV contour
integral as an average over high-energy states.

- Explicitly: introduce P, J (translations/rotations in scattering plane)
and define the average over 2-particle states:

J*b _ (%o ds A J?b -
(pZa p2oyz | M5 P12 |T" 52z T|P1P2
Key Uni : ds A(s,t) Jzb
. nitary time = ab — ], X <_)
Obse;ftlon evolution ‘ fCUV 2t set 160 € {p2a P2>M2

(see e.g. [Davighi+SM+You, 2108.06334])
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m? M?

\ <P3 P4| TTlPl Pz) /

(1+iT Unitary = T-TT=iTTT)

Agpr:
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Positivity Bounds

- The modern twist on these old ideas is to write the UV contour
integral as an average over high-energy states.

- Explicitly: introduce P, J (translations/rotations in scattering plane)
and define the average over 2-particle states:

JZb _ 0 ds 4 JZb -
<_P2a p2ap? M2z 5 \P1P2 T p2a T'|p1p2
Key : : ds A(st &
observation Unitary time - =, 5} fc Tl Ez+1) lt=0 <Z2a)
Y evolution HI: 27605 P2>M?2

(see e.g. [Davighi+SM+You, 2108.06334])

+ Causal + unitary UV physics implies that cZ5 T obey positivity bounds,

(1) s
M%* — \p%
PZ>M?2

[Adams++, 2006]
[de Rham+SM+Tolley+Zhou, 2017]

[Bellazzini++, 2021]

EFT_ EFT 4_psd
c c P*—M
Ao = (P—s> >0 [Tolley+Zhou, 2021]
PZ>M? [Caron-Huot++, 2021]
ST +3c55 L _ [JP+3(P2-M?) >0
M P® b g
PZ>M

* Many recent developments (e.g. Cauchy-Schwartz, null constraints, SDPB)

Pirsa: 23020060
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Positivity Bounds

- The modern twist on these old ideas is to write the UV contour
integral as an average over high-energy states.

- Explicitly: introduce P, J (translations/rotations in scattering plane)
and define the average over 2-particle states:

JZb _ 0 ds 4 JZb -
<_P2a p2ap? M2z 5 \P1P2 T p2a T'|p1p2
Key : : ds A(st &
observation Unitary time - =, 5} fC Tl Ez+1) lt=0 <Z2a)
Y evolution DR.2TEL.S P2>M?2

(see e.g. [Davighi+SM+You, 2108.06334])

+ Causal + unitary UV physics implies that cZ. T obey positivity bounds,

CEFT 1
20 . = (_—. >0 [Adams++, 2006]
M4- p4-
P2> M2 [de Rham+SM+Tolley+Zhou, 2017]
EFT EFT [Bellazzini++, 2021]
Cao_—Cao — (P*-M* >0 Tolley+Zh
M8 p38 [Tolley+Zhou, 2021]
P2>M?

[Caron-Huot++, 2021]

>0

FT+3CEFT <Jz+3(Pz_Mz)>
6 6
M P P2>M?

* Many recent developments (e.g. Cauchy-Schwartz, null constraints, SDPB)
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UV/EFT Correspondence Space of possiblc &
UV theories =i

Locality ensures that <;%> __ converges form=2. |roiearn 19606
PZ>M

Causal
+ Unitary
+ Local

In asymp. free UV models (shn;‘o A(s,t) = 0), also convergesforn=1.

C{EFT

Low-energy (EFT) parameter space
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UV/EFT Correspondence Space of possible
UV theories &

Locality ensures that <p%n> __ converges form=2. |roiearn 19606
PZ>M

Causal
+ Unitary
+ Local

In asymp. free UV models (SliI?O A(s,t) = 0), also convergesforn=1.

- Can probe this by scattering distinguishable fermions at low energies,

+\O/+ EFT _ [J2 J2-1
- =cro s+co1 't has €01 = \5z)pas 2 T\ G2 ) p2oye
o J=z0 J=z1 N

Asymptotic freedom inthe UV = ¢§fT > 0inthe EFT EFT
[Davighi+SM+You, 2108.06334]

C{EFT

Low-energy (EFT) parameter space
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UV/EFT Correspondence Space of possibl¢
UV theories

Locality ensures that <p%n> __ converges form=2. |roiearn 19606
PZ>M

Causal
+ Unitary
+ Local

In asymp. free UV models (SliI?O A(s,t) = 0), also convergesforn=1.

- Can probe this by scattering distinguishable fermions at low energies,

+ + EFT _ [J? J?-1
_\O/ =cETs + c§fTt has co1 = <p_2 p2anz T\ | p2aps2
o J=0 Jg=1

Asymptotic freedom inthe UV = ¢§FT > 0inthe EFT EFT

[Davighi+SM+You, 2108.06334]

Can also probe spin of UV states which mediate this scattering,

+ a
_ _EFT EFT _ [1 _ 1

Jd=0 Jd=1

J = 0 (or 1) dominates UV = c£fT > 0 (or < 0)inthe EFT

[Remmen+Rodd, 2022]
%

CEFT

Low-energy (EFT) parameter space
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UV/EFT Correspondence Space of possible
UV theories E=

Locality ensures that <p%n> __ converges form=2. |roiearn 19606
PZ>M

Causal
+ Unitary
+ Local

In asymp. free UV models (SliI?O A(s,t) = 0), also convergesforn=1.

- Can probe this by scattering distinguishable fermions at low energies,

+ + EFT _ [J? J?-1
_\O/ =cETs + c§fTt has co1 = <p_2 p2anz T\ | p2aps2
o J=0 Jg=1

Asymptotic freedom inthe UV = ¢§FT > 0inthe EFT EFT

[Davighi+SM+You, 2108.06334]

Can also probe spin of UV states which mediate this scattering,

+ a
_ _EFT EFT _ [1 _ 1

Jd=0 Jd=1

J = 0 (or 1) dominates UV = c£fT >0 (or < 0)inthe EFT

[Remmen+Rodd, 2022]

EFT
Conclusion: Sign of EFT coefficients can probe properties such as “
the mass/spin/high-energy growth of the underlying UV theory! Low-energy (EFT) parameter space
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A Dark Energy Example
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The Problem with Cosmology

- The previous UV/EFT relations all required time translation invariance:

Need |Q)past = |Dfuture €lS€ NOt positive.

(0) =j future(plpleT 0 T|P1pz)past

How can they be applied in cosmology, where the background breaks this symmetry?

. Simplest solution: consider an Sggr with both Minkowski and cosmological solutions.

 Serrle] = Sr + ¢105:[@] + ¢,65,[¢] + -

=0+ SV M Gcosmo(t) + 00

We can compute A on We can observe §¢ on an
Minkowski spacetime % expanding spacetime
5¢b S
s Observational
>< = POS'E:\'%E?MS 5’(; 5/(1\) = constraints on ci
l
5¢p

s o o o
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A Dark Energy Example

- Consider the scalar-tensor EFT (“quartic Horndeski”), (X = —%(qub)z)

Lopr = GuOOR + POO) + 6/ (0) ((7,5,0)” — (7,7%9)°
[Horndeski, 1974]

- ¢ describes dark energy, and modifies ACDM in two key ways:

cr G, determines cr
(i) 7 (low-energy GW speed)
™ ¢ (t)

0Guv
Cp . N -
— & G,'" determines cp
@) -\ .\ .
5 5 (DE clustering) .
| Q Y -, =71 SR L
&
/\/ | _
| I |
Q N YV
Cp
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A Dark Energy Example

. Consider the scalar-tensor EFT (“quartic Horndeski”), (X = —%(qub)z)

Lopr = GuOOR + POO) + 6/ (0) ((7,5,0)” = (7,7%9)°)
[Horndeski, 1974]

- ¢ describes dark energy, and modifies ACDM in two key ways:

cr G, determines cr
(0) 7 (low-energy GW speed)
50 Y

09 uv
Fe G, determi
N — 4 determines cp
(ii) éqb\ {\ (DE clustering)

- P(X) determines allowed vacua for ¢,
and typically* allows for both flat and

cosmological solutions. ($> =0 <4§> = ¢(t)

*with some notable exceptions, e.g. “ghost condensate” models

Pirsa: 23020060
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A Dark Energy Example

- Scattering about (¢) = 0 gives Lorentz-invariant amplitudes,
) ¢ ~
. \O/y _ § G+ oo

* Comparing this with pheno on cosmological (¢p) = ¢(t),

=%G‘i SZ + ...

b ¢
21 «GL+0(X6) =02 & = (Pi)
Y 14 P2>M?

. So in any UV model which is causal + unitary + local + has LI vacuum,

[de Rham+SM+Noller,
2103.06855]

cx—1 oc<i4 > 0

P >P2>M2

Pirsa: 23020060
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A Dark Energy Example

- Scattering about (¢) = 0 gives Lorentz-invariant amplitudes,
) ¢ ~
. \O/y _ § P

* Comparing this with pheno on cosmological (¢p) = ¢(t),

=G‘152+

b ¢
21 «GL+0(X6) =02 & = (Pi)
Y 14 P2>M?

. So in any UV model which is causal + unitary + local + has LI vacuum,

/\ —
2 1 [de Rham+SM+Noller,

Cr — 1 « <ﬂ> > >0 : Zf£.06855]0 N —
P2>M? Q-

NE

Q

- Low-energy GWs must Sy 1
propagate superluminally! ¢t = CMatter = N -
7
Note: LIGO/Virgo measures cr a1

at high w~100Hz = M
[de Rham+SM 1806.09417]

S Ct > CMatter = 1
EFT

[de Rham+Tolley, 2021]

Pirsa: 23020060
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A Dark Energy Example

- Scattering about (¢p) = 0 gives Lorentz-invariant amplitudes,

>O< >< \gw-i-

* Comparing this with pheno on cosmological (¢p) = ¢(t),

F1_ 1. Gy G~ = 020 ¢>3<¢ - <£>
C% 2 B X & S t¢ & P6 [ p2>py2

J=z0

. So in any UV model which is causal + unitary + local + has LI vacuum,

4 N

_ 1 [de Rham+SM+Noller,
1 « <p4> >0 2103.06855]
P2>M?
2 2
CT—1 1 J
— = oC | & [SM+Noller,
c% 2¢B <P6 >P2>M2 >0 1904.05874]

- 920

Pirsa: 23020060
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A Dark Energy Example Space of possibl
UV theories

- Scattering about (¢) = 0 gives Lorentz-invariant amplitudes,

~ G’z Causal
4 s Y4 ) 2 + Unitary

>< >< gw ( * Gy ) st + Local

+ LI vacuum

* Comparing this with pheno on cosmological (¢p) = ¢(t),

2 G G| 00 ¢>:<¢ N <£>
C% 2 B X & S t¢ & P6 [ p2>py2 . .

J=z0 \I /
» So in any UV model which is causal + unitary + local + has LI vacuum, N - / |
/ 2 1 \ [de Rham+SM+Noller, /
cr — ] <ﬂ> >0 ) Zf£.06855]0 : — /
P2>M? |
Q _Mm..( ............................................... -
2 2 N~
CT_1 — l J_ [SM+Noller, 2
c% 2CB X <p6 >P2>M2 >0 1904.05874] @
/ : Next Gen
- Next generation experiments forecast O(10) improvements. i I |
Q N v
CB
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A Dark Energy Example

- Scattering about (¢) = 0 gives Lorentz-invariant amplitudes,

\ Glz
x >< g/,w T ( + —) SZt 4 oo
Gy

* Comparing this with pheno on cosmological (¢p) = ¢(t),

2 G G| 00 ¢>3<¢ N <£>
C% 2 B X & S t¢ & P6 [ p2>py2

. So in any UV model which is causal + unitary + local + has LI vacuum,

/ 2 1 \ [de Rham+SM+Noller,
CT 1 « <F>P2>M2 >0 2103.06855]
2 v
CT_1 — l ‘-7_ [SM+Noller,
c% 2¢B X <P6 >P2>M2 >0 1904.05874]
\ J=0 /

- Next generation experiments forecast 0(10) improvements.

- Since size of c72~ — 1 is linked to the dominant (J in these averages,
these experiments can now give valuable info about the UV physics!

Pirsa: 23020060
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An Inflationary Example
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Subhorizon Scattering

- On inflationary (quasi-de Sitter) spacetimes, boosts and time
translation symmetry are broken at very different energy scales:

Atime trans <K Apoosts [Grall+SM, 2005.02366]

. In “subhorizon” regime, only boosts are broken,
Subhorizon & Atime trans < @ K Apoosts

- Propagation of particles in then determined by an effective metric,
Liree = ¢ —c2(0;0)* =: G" 0,90, ¢

and scattering amplitudes now depend on 3 additional variables,

¢ ¢ = A(S5,t, w1, Wy, w3) Wwhere §=g""(p1 + P2)u(p1 + P2y
¢ ¢ n ’ ’ (andw4:w1+(l)2—(l)3)

Pirsa: 23020060

w K At'1me trans

A ill-defined

w » Aboosts /\

J
A(s,t)

A

n# (breaks boosts)
A

Subhorizon Scattering

U
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Subhorizon Scattering ® » Avoosts N\

- On inflationary (quasi-de Sitter) spacetimes, boosts and time U
translation symmetry are broken at very different energy scales: A(s, t) / /{ 7 /
Atime trans < Aboosts [Grall+SM, 2005.02366]

. In “subhorizon” regime, only boosts are broken,
n# (breaks boosts)
Subhorizon < Atime trans K W K Aboosts A

Subhorizon Scattering

- Propagation of particles in then determined by an effective metric,

Liree = $* — c2(0;9)* =: " 0,00, ¢ g
and scattering amplitudes now depend on 3 additional variables, -
¢ ¢ .- §=3" (01 +p2)u(p1 +p2) T

— h 1 2u\F1 2/v
‘%’5 A(S,t, w1, w5, w3) where (a0 3 = 0, + (o — 03]

- The sum rules are analogous to Lorentz-invariant scattering:

Causality = Aisanalyticforims§ > 0andc¢g > 1

[Grall+SM w K Ay
- : = 2102.05683] time trans
Pert.th. = AisanalyticforIm 3§ # 0 andall ¢, U
s ~
di A . : .
Cauchythm = cEFT = — = [— 1 A ill-defined
Y " J Cyv 2mi §™+1 |\ (guvpPHpv)"
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An Inflationary Example
- EFT for single-field inflation contains a scalar (x),

terms fixed )

_ 42 s 52 .3 . 4
Lpgpr = fr (1° —cf@im)* +ayn° + ™ + by symmetry

* The EFT coefficients control primordial CMB correlations,

fn = 60H a1, Cs P1, 4, Cs
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An Inflationary Example

- EFT for single-field inflation contains a scalar (x),

) ) . terms fixed
Legpr = ff (1% — c2(0;n)* + ay 03 + By 1t )

by symmetry

* The EFT coefficients control primordial CMB correlations,

~ 60H a1,Cs B1, a1, Cs
) i [Grall+SM, 2102.05683] "
* The tree-level scattering amplitude, (also [Baumann++, 1502.07304]) Planck 2018
T T
- e >/g< T >x_a< ~2000
a,
places a positivity bound on the CMB 4-point correlation,
-4000
3 .2 11-c? _ 1
Pr—geitim+375= <(£7 Pup")2> >0
rv Gy PHPY>M?
Fuv -6000
1072 10 100
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An Inflationary Example Causal+Unitary+Lod

- EFT for single-field inflation contains a scalar (x),
— f4 2 207 .)\2 . 3 . 4 terms fixed
Lpgpr = fr (1° —cf@m)* +ayn° + ™ + by symmetry )

* The EFT coefficients control primordial CMB correlations,

fr = 60H

B1, aq, Cs
[Grall+SM, 2102.05683] 0
Planck 2018

- The one-loop scattering amplitude, (also [Baumann++, 1502.07304])

T T
. n>:<ﬂ_>ﬁ<+>7‘_“<+>[>’©,8< -2000

aq
places a positivity bound on the CMB 3-point correlation!
-4000
3 2 11—c? M* 52 _ 1
Br—sait2ay +3-—5— 5Pl = [———= >0
Cs I (GuvPHPY)"[ Vg2
JuyPHPV>M
/ N -6000
4 Bt I L 1 1
> M1 2 +%a1652) > —30m2c? Connects EFT coefﬁufents 102 10-1 100
™ ) to mass of UV physics Cq

-
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An Inflationary Example

[Cheung++ 2007]

- EFT for single-field inflation contains a scalar (x),
— f4 2 207 .)\2 . 3 . 4 terms fixed
Lpgpr = fr (1° —cf@im)* +ayn° + ™ + by symmetry )

* The EFT coefficients control primordial CMB correlations,

= =

fn = 60H *q1,Cs P1,aq, Cs
[Grall+SM, 2102.05683]

- The one-loop scattering amplitude, (also [Baumann++, 1502.07304])

places a positivity bound on the CMB 3-point correlation!

> 0

11—c2 M* 52 _ 1
2 == 4:81_<

3 .2
—2af 4+ 2a
:Bl 7 U1 1 3 cg 7T2fn (g”vpﬂpv)2>~ PEPV>MZ
Iuv

Connects EFT coefficients
to mass of UV physics

4
= M—é(l —cZ +3ayc?) = —30m%c]
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An Inflationary Example

[Cheung++ 2007]

- EFT for single-field inflation contains a scalar (x),
— f4 2 207 .)\2 . 3 . 4 terms fixed
Lpgpr = fr (1° —cf@im)* +ayn° + ™ + by symmetry )

* The EFT coefficients control primordial CMB correlations,

5 =

fn = 60H *q1,Cs P1,aq, Cs
[Grall+SM, 2102.05683]

- The one-loop scattering amplitude, (also [Baumann++, 1502.07304])

places a positivity bound on the CMB 3-point correlation!

> 0

11—c2 M* 52 _ 1
2 == 4:81_<

3 .2
—2af 4+ 2a
:Bl 7 U1 1 3 cg 7T2fn (g”vpﬂpv)2>~ PEPV>MZ
Iuv

Connects EFT coefficients
to mass of UV physics

4
= M—é(l —cZ +3ayc?) = —30m%c]
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Summary

EFTs increasingly used to analyze experimental data.

« Amplitudes can connect EFT coefficients with properties of
the underlying UV physics (e.g. mass/spin/high-energy growth)

+ These techniques are very powerful on Minkowski spacetime,
and we are beginning to find ways to apply them more broadly.

For instance,
- scattering around different vacua = dark energy bounds
- scattering on subhorizon scales = inflation bounds
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Still many open questions to explore...
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