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Energy scale: H ~ 10 GeV

for context: CERN ~ 10*GeV
= detect (very) heavy particles

End of inflation

Figure inspired by
Duaso Pueyo, C. (2022). A bootstrap approach to cosmology



End of inflation

massless fields




Massive fields decay ¢ + 3H ¢ + m2¢ =5
Massless fields stay (at boundary)

End of inflation

massless fields




Inflation is driven by a scalar field:

d(t,x) =|¢o(t)|+[d0(¢, x)

time-dependent background  fluctuations




¢(t,x) = ¢o(t) + 9(t, x)

t+m(t,x) =
“¢o " (both sides)” 1
b(t,%) = c

[C. Cheung, P. Creminelli, A. L. Fitzpatrick, J. Kaplan, L. Senatore; 0709.0293]



Symmetries:  all-diffs == diffs leaving constant inflaton slices unchanged

t

[C. Cheung, P. Creminelli, A. L. Fitzpatrick, J. Kaplan, L. Senatore; 0709.0293]



Symmetries: diffs leaving constant inflaton slices unchanged

EFT blocks:
e fully diff. invariant

contractions of V,, R,,,50, 91

e slice-dependent
Ty 28 s T o5 T

[C. Cheung, P. Creminelli, A. L. Fitzpatrick, J. Kaplan, L. Senatore; 0709.0293]



Symmetries: diffs leaving constant inflaton slices unchanged

EFT blocks:

e fully diff. invariant

contractions of V,, R,,,50, 91

e slice-dependent

nu,KW,t—l—

massless

P compute correlators of 7

[C. Cheung, P. Creminelli, A. L. Fitzpatrick, J. Kaplan, L. Senatore; 0709.0293]



EFT blocks:

e fully diff. invariant

“cosmological collider ( CC) physics”
contractions of V,, R,,,50, 91

e slice-dependent
Ty 28 s T o5 T

[H. Lee, D. Baumann, G. L. Pimentel; 1607.03735]
C. Cheung, P. Creminelli, A. L. Fitzpatrick, J. Kaplan, L. Senatore; 0709.0293|
| g



EFT blocks:

e fully diff. invariant

114

L Matte, (Cong Ohdenseq | contractions of V ) 1 i

w;
e slice-dependent

Ty 28 s T o5 T

[L. Bordin, P. Creminelli, A. Khmelnitsky, L. Senatore; 1806.10587]
[C. Cheung, P. Creminelli, A. L. Fitzpatrick, J. Kaplan, L. Senatore; 0709.0293]



‘ only 3 d.o.f. for spin-1

CCM: constrained to be tangent
50 _ 0;md’
»# (CCM) 1+
CC: non-dynamical ®°
1k;0,®;

k? + m2a?

Py =

[H. Lee, D. Baumann, G. L. Pimentel; 1607.03735]
[L. Bordin, P. Creminelli, A. Khmelnitsky, L. Senatore; 1806.10587]
[C. Cheung, P. Creminelli, A. L. Fitzpatrick, J. Kaplan, L. Senatore; 0709.0293]



Different fields...

but same correlators?




EFT blocks:

e fully diff. invariant

contractions of V,, R,,,50, 91

4 Y

e slice-dependent
Ty 28 s T o5 T

A y

can be equivalent







CCM physics:
1) construct quadratic action
nfniV SV, g
VX0 SVEY,
VHZWQ...VSV/\ZAWWVS

L PV2...VS 7Y NI
n Eupfy)\z A\ V3...Ug

[D. Stefanyszyn, X. Tong, Y. Zhu; 2309.07769]
[L. Bordin, P. Creminelli, A. Khmelnitsky, L. Senatore; 1806.10587]



CCM physics:
2) helicity decomposition

polarisation tensors

S
A (h)
2ij).is = @ szlzg]
h=—_8 helicity mode

*Note that Xy contains interactions with 7
so does not come in at free theory of X

[D. Stefanyszyn, X. Tong, Y. Zhu; 2309.07769]
[L. Bordin, P. Creminelli, A. Khmelnitsky, L. Senatore; 1806.10587]



CCM physics:

CCM = a combination of

massive scalars with

3) free theory decouples! diff. speeds of sound

S
1
_ 2 / 2 2 2 2.2 2
S = > Z a [(Uh,s) — (en sf” +mp” + 2h"ff|l€a)0h,s]
- speed of sound chemical potential
(depend on helicity h) (parity-violating)

[D. Stefanyszyn, X. Tong, Y. Zhu; 2309.07769]
[L. Bordin, P. Creminelli, A. Khmelnitsky, L. Senatore; 1806.10587]



CCM physics:

Oh,S =

4) solve e.o.m. to obtain mode fns

massive scalar

JTH

1

3/2 in(v+1/2)/2 r7(1)
(—m)*"e Hy " (—cp,skn)

2

y

*in absence of chemical potential

[D. Stefanyszyn, X. Tong, Y. Zhu; 2309.07769]
[L. Bordin, P. Creminelli, A. Khmelnitsky, L. Senatore; 1806.10587]



CCM physics:

. . . /
Consider interactions 7 0;72; and 0;7X;

T

3 p—




. " 1
CCM physics: K. (k)= " (mk) ¢ DT
U (”IOa k) 2wp
7T, 82'71'
k, ko

a®(n) K (1, k1)[i(k2)i Kx(n, k)]



CCM physics:

Consider interactions 7'0;7Y; and 0;,7X%;

0 0
Z),Wm- e Z)\1/ d77 X ”L/\Q/ dn’

a’(n) K (n, k1)[i(k2)i K (n, k2)]
G(n,1', ks)(i(ks):)(—i(ks);)

a*(n')[(iks) ; Kx(', ks)]
+ perms of kl, kz, k3




CCM physics:

a” (1) [(iks) ;K x(n', k3)]



CCM physics:

+ perms of kl, kz, k3



(CC)




CC physics:

1) Construct quadratic action

| |
S = /1/—9 (—ZFWFW — §m2<I)“<I>u> (spin 1)

1
S = / V=g lgva@wva@w + VHED,, V8% — VI, V'dY,

1 3
VHRY V8%, — §(m2 +2H?)(®"®,, — 87 p) — §H2c1>aac1>%

(spin 2)

1

T3

[H. Lee, D. Baumann, G. L. Pimentel; 1607.03735]



CC physics:

2) helicity decomposition

p / can only be determined by e.o.m.
&0
@ = 8,

r

b, = &) 16( ) +<I>11 Eil)]
same as CCM

\

[H. Lee, D. Baumann, G. L. Pimentel; 1607.03735]



CC physics:

3) Free theory does NOT decouple!

mixing!

1
S = 2 /[anq)(l),lanq)(l),l [2kq)8,18n‘1)?a1]+ (k* +m?*a?) ((1)8,1)2 —m‘a’ ((I)(l),l)

2

|

1 : :
L5 [10,81,0,8), - 02 + mia?) (81" + interaction
h==1



CC physics:

4) Solve for non-dynamical modes

k0, P ,

0 , : :

Lo = 75 ,— +1nteractions
’ k< +m-a




CC physics:

5) Action only in dynamical modes

| m?a’
S = 5/ [k,z T m2a? a77(1)(1),1677(1)(1),1 - mzaz((l)(il)zl

1 : :
t35 Z /[8,7@’11’1817@’11’1 — (k* + m2a2)(@?’1)2] —l—[mtera,ctlon%
h—t1

with all @7 ; in terms of ®9



CC physics:

6) solve e.o.m. to obtain mode fns

1 2
Y = 0, — —
1,1 mCC( n

L n
b 11 @ spin-raising opergtor

— massive scalar




CC physics:




CC physics:

. . . /
Consider interactions 7 0;7®; and 0;7P;

0 0
z))r’/'rﬂ' e Z)\1/ d77 X Z/\Q/ dn,

a’(n) K (n, k1)[i(k2)i K (n, k2)]
G(n,1', ks)(i(ks):)(—i(ks);)

a” () [(iks) ;K x (11, k3),
+ perms of kl, kz, k3




CC physics: 1 2

G(n,n, k) \<I> (n, kg)lfbl (7, kgj@(n — 1)+ (n<+ ') + 0 terms

(0 g) (7 5)  Geow
[[0(77, klo* (0, k)0(n—n')+ (n<n')+ 0 terms]]
miag o(n—n')

|Z. Qin, Z. Xianyu; 2208.13790]



CC physics:

. . . /
Consider interactions 7' 0;7®; and 0;7P;

0 0
gm e 7,)\1/ d’l] X ’L/\Q/ dn’

a’(n) K (n, k1)[i(k2)i K (n, k2)]
G(n,1', ks)(i(ks):)(—i(ks);)

a*(n')[(iks) ; Kx(', ks)]
+ perms of kl, kg, k3




87;71'

7T, 87;71' 67;71'




CC physics:

GY1(n 1, k3)(iks)i(—iks);
+ G, ks)el ™ (kg)el ™ (—ks)

J



CC physics:

GY1(n 1, k3)(iks)i(—iks);
+Gii(n7, ka)el (ks{eﬁ-ﬂ) (—ks)]

.......... cI>Z a2(,,7')[ (1, k3)]




CC physics:

s=ky+ ks = ki — ky

Gl 1(777"7 s)(i8)i(—18);
+ Gl (7, 3)[ 11(5)};&1(_5)]

not killed by ks or k4




CC physics:

Gi1(n,7', 5)(i8)i(—18);

+ Gy, 1(77777 s)e il(s)efl(_s)



CC physics:

+Gii(n,', s)ei (s)ej (—s)

Gi%(na 77,7 k) — a’(n)a’(n,)GCCM (777 77,7 k)

@I—ti = ao



CC physics:

/ Gi1(n,1', 5)(i8)i(—18);

different relationships
V +Gii(m ', s)e; (s)ej (—s)

N\







